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SOKENDAI

(The Graduate University for Advanced Studies)

Abstract

School of High Energy Accelerator Science

Department of Accelerator Science

Doctor of Philosophy

by Jibong Hyun

This thesis describes the generation of frequency tunable narrow-band THz radiation

and energy tunable quasi-monochromatic hard X-rays using a 50 MeV class photo-

injector. We produce micro-bunched beams using a slit-mask and a chicane and then

generate THz radiation by sending them to a metallic foil or passing through a small

wiggler. As for hard-X-ray generation, we employ channeling radiation (CR) which can

emit quasi-monochromatic hard X-rays with a single crystal and an electron beam with

an energy of below 100 MeV. We performed each demonstration experiment to verify

the theory and simulations at the FAST (Fermi Accelerator Science and Technology)

facility in Fermilab. The results of the experiments on the micro-bunching were in agree-

ment with those of the theory and simulations. On the other hand, the expected energy

spectrum could not be obtained due to the pile-up of the detectors. We performed

particle tracking simulations with Geant4 and identified that the X-ray detectors mea-

sured bremsstrahlung radiated from beam pipe caused by the dark currents from the

photo cathode, and also detected the characteristic X-rays of lead around the detectors

emitted by the bremsstrahlung. In this thesis, the details on the theory, the simulation

results, the experiment results of THz/CR are described, and the suggestions for the

next experiments through the considerations are also shown.



Acknowledgements

This doctoral thesis would not be completed without support and help from wonderful

peoples at Fermi National Accelerator Laboratory (FNAL) and High Energy Accelerator

Research Organization/SOKENDAI (KEK/SOKENDAI).

First and foremost, I am grateful to my dear supervisor Dr. Tanaji Sen at FNAL for

accepting me as a visiting graduate student and for his advice, support, encouragement

for three years. He led me in the right direction when I faced with a serious dilemma

and also led me to correct understandings of beam physics through useful discussions

with him.

I would like to thank Prof. Philippe Piot at Northern Illinois University (NIU) for

helping me with elegant, Astra, Impact-t codes and supporting me in simulations

and experiments. He accurately answered everything whenever I asked him on beam

physics, experimental methods, and computer programming.

My sincere thanks to Dr. Charles Thangaraj, Dr. Randy Thrman-Keup, and Dr.Alex

Lumpkin for useful discussions in experiments and simulations on micro-bunched beams.

I discussed with Charles micro-bunched beam production and the detection. THz radi-

ation was measured using a Martin-Puplett interferometer with a pyrometer designed

and assembled by Randy. I tried to measure micro-bunched beams with a streak camera

with Alex.

The experiments could not be performed without the machine commissioning. I wish

to express my thank to the FAST commissioning group, Dr. Jamie Santucci, Dr.Darren

Crawford, Dr.Dean (chip) Edstrom Jr., Dr. Jinhao Ruan, Dr.Alexander Romanov, and

Dr.Daniel Broemmelsiek for their contribution to the FAST operation. I also discussed

with Jinhao simulation results and the machine time before and during the experiments.

I would like to thank Dr.Daniel Mihalcea for the useful discussion on simulation results

of CR and THz radiation and also helped me with Impact-t code. Geant4 applications

for electron channeling was supplied by Dr. E. Bagli (INFN).

I am very thankful to Dr.Vladimir Shiltsev, Dr.Alexander Valishev, and Dr. Sergei

Nagaitsev for your cooperation and understanding of my experiments at the FAST

injector.

I would like to thank Prof. Nobukazu Toge, Assoc. prof.Mitsuhiro Yoshida, and As-

soc. prof.Masanori Satoh, and Dr.Takuya Natsui for useful discussions and advice. I am

grateful to Dr. Zhang Rui and Dr.Kazama Shingo for recommending me to go abroad to

study beam physics. I was able to have an enjoyable student life (hiking, table tennis,

iii



iv

soccer, Food Party, BBQ, traveling...) thanks to my best friends, Akira Inoue, Daisuke

Satoh, Shibuya Tatsunori, Moriai Yasuaki, Shohei Otsuki, Hayato Okamoto, and Yoshito

Saito.

This doctoral study was supported by “The Short-Stay Study Abroad Program”

and “INTERNSHIP-PROGRAM IN 2017” from SOKENDAI and by Fermi Research

Alliance, LLC under Contract No. DE-AC02-07CH11359 with the U.S. Department of

Energy, O�ce of Science, O�ce of High Energy Physics.



Contents

Declaration of Authorship i

Abstract ii

Acknowledgements iii

List of Figures viii

List of Tables xi

Abbreviations xii

1 Introduction 1

1.1 THz radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

1.2 Channeling radiation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4

2 Beam dynamics 6

2.1 Equation of Motion of a charged particle . . . . . . . . . . . . . . . . . . . 6

2.2 Transfer matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

2.2.1 Drift space . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.2 Quadrupole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2.2.3 Dipole magnet . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.3.1 Sector magnet . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2.3.2 Rectangular magnet . . . . . . . . . . . . . . . . . . . . . 10

2.3 Beam matrices . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4 Phase space ellipse . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.4.1 Twiss parameters ↵, �, and � . . . . . . . . . . . . . . . . . . . . . 11

2.4.2 Beam emittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 12

2.4.2.1 Two dimensional beam emittance . . . . . . . . . . . . . 12

2.4.2.2 Four dimensional beam emittance . . . . . . . . . . . . . 13

3 Accelerator Facility for experiments 14

3.1 FAST Photoinjector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

4 Magnetic chicane 19

v



Contents vi

4.1 Chicane parameters from path length di↵erence . . . . . . . . . . . . . . . 20

4.2 Maximum dispersion in the chicane . . . . . . . . . . . . . . . . . . . . . . 23

4.3 Coherent Synchrotron Radiation . . . . . . . . . . . . . . . . . . . . . . . 24

5 Energy spread and beam emittance 26

5.1 Method of energy spread measurement . . . . . . . . . . . . . . . . . . . . 26

5.2 Method of transverse emittance measurement . . . . . . . . . . . . . . . . 27

5.2.1 Error propagation . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

6 Theory and simulations for THz radiation with micro-bunched beams 30

6.1 Theory of an energy-chirped beam . . . . . . . . . . . . . . . . . . . . . . 31

6.2 Theory of a micro-bunched beam . . . . . . . . . . . . . . . . . . . . . . . 33

6.2.1 Frequency dependence on energy chirp . . . . . . . . . . . . . . . . 35

6.2.2 Observing micro-bunching in the transverse plane . . . . . . . . . 36

6.3 Beam optics for the micro-bunched beam production . . . . . . . . . . . . 38

6.4 Simulations of micro-bunched beam production with Elegant . . . . . . 40

6.5 Simulations of micro-bunched beam observation with Elegant . . . . . . 44

6.6 Simulations of micro-bunched beam production with flat beams . . . . . . 46

6.6.1 Canonical angular momentum beam . . . . . . . . . . . . . . . . . 46

6.6.2 Flat beam . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 47

6.6.3 Removing an angular momentum . . . . . . . . . . . . . . . . . . . 48

6.6.4 Generating flat beams . . . . . . . . . . . . . . . . . . . . . . . . . 49

6.7 Generation of THz radiation . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.7.1 Transition radiation . . . . . . . . . . . . . . . . . . . . . . . . . . 52

6.7.2 Energy density enhanced with a small wiggler . . . . . . . . . . . . 54

6.8 Detection of THz radiation . . . . . . . . . . . . . . . . . . . . . . . . . . 56

6.8.1 Michelson and Martin Puplett interferometers . . . . . . . . . . . . 56

6.8.2 Bolometer and Pyroelectric detector . . . . . . . . . . . . . . . . . 59

7 THz radiation experiments 60

7.1 RF phases at the minimum energy spread . . . . . . . . . . . . . . . . . . 60

7.2 Micro-bunched beam production and measurements . . . . . . . . . . . . 61

7.3 Micro-bunched beam measurements with pyrometers . . . . . . . . . . . . 65

7.4 Bremsstrahlung from the slit-mask and beam pipe . . . . . . . . . . . . . 68

7.5 Radiation shielding for upcoming THz radiation experiments . . . . . . . 70

7.6 Experimental setup for upcoming THz radiation experiments . . . . . . . 74

7.7 Summary of THz radiation experiments . . . . . . . . . . . . . . . . . . . 76

8 Optics design and simulations for Channeling Radiation 77

8.1 Beam optics solutions for CR . . . . . . . . . . . . . . . . . . . . . . . . . 81

8.1.1 Beam optics solutions for high brightness CR . . . . . . . . . . . . 81

8.1.2 Beam optics solutions for high yield CR . . . . . . . . . . . . . . . 86

8.2 Beam optics solutions with misalignment and magnetic field error . . . . . 88

8.3 Background from bremsstrahlung . . . . . . . . . . . . . . . . . . . . . . . 91

8.4 Electron beam distributions after crystal . . . . . . . . . . . . . . . . . . . 96

8.5 Compton scattering for X-ray detector . . . . . . . . . . . . . . . . . . . . 99

9 Channeling Radiation Experiments 103



Contents vii

9.1 Setup for CR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . 103

9.2 CR experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 105

9.3 Summary of CR experiments . . . . . . . . . . . . . . . . . . . . . . . . . 109

10 Conclusions 110

Bibliography 112



List of Figures

3.1 Layout of the FAST’s facility. . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2 Layout of the FAST photoinjector. . . . . . . . . . . . . . . . . . . . . . . 18

4.1 Layout of a magnet chicane. . . . . . . . . . . . . . . . . . . . . . . . . . . 20

6.1 Phase space along the beamline. . . . . . . . . . . . . . . . . . . . . . . . 30

6.2 Fundamental frequency depending on energy chirps. . . . . . . . . . . . . 36

6.3 Spacing (8�z) and width (�z) of micro-bunched beams as a function ofp
�x✏x at the slit-mask for di↵erent energy chirps. . . . . . . . . . . . . . . 39

6.4 Beta and dispersion functions at h = �7 m�1 for CC1 chirp. . . . . . . . 39

6.5 Longitudinal phase space and bunching factor at X121 at the maximum
compression (h⇠5.6 m�1). . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.6 Longitudinal phase spaces for each energy chirp at X121. . . . . . . . . . 41

6.7 Longitudinal distributions at CC1 chip (h = ±7m�1), CC2 chirp (h =
±9m�1), and CC1&CC2 chips (h = ±16m�1). . . . . . . . . . . . . . . . 42

6.8 Frequency spectra for CC1 chip (h = ±7m�1), CC2 chirp (h = ±9m�1),
CC1&CC2 chips (h = ±16m�1), and the longitudinal maximum com-
pression (h ⇠ 5.6m�1). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6.9 Fundamental frequency as a function of energy chirp. . . . . . . . . . . . . 44

6.10 The transverse distributions at h=-7 m�1 at X120 and X121 when the
KS-value of the skew quadrupole is set equal to -5 m�2. . . . . . . . . . . 45

6.11 Vertical spacing as a function of KS-values of the skew quadrupole. . . . 45

6.12 Beam distributions for each energy chip before the chicane. . . . . . . . . 51

6.13 Bunching factors for each energy chirp after the chicane. . . . . . . . . . . 51

6.14 Sketch of the transition radiation. . . . . . . . . . . . . . . . . . . . . . . . 52

6.15 Energy density spectrum from two radiation sources with two chirp set-
tings using CC1 and CC2. . . . . . . . . . . . . . . . . . . . . . . . . . . . 55

6.16 Sketch of a Michelson interferometer. . . . . . . . . . . . . . . . . . . . . . 58

6.17 Schematic of a Martin-Puplett interferometer. . . . . . . . . . . . . . . . . 58

6.18 Simplified bolometer (left) and pyroelectric detector (right). . . . . . . . . 59

7.1 Vertical beam sizes at X124 depending on RF phases. . . . . . . . . . . . 62

7.2 Vertical beam distributions at the minimum energy spread at X124. . . . 63

7.3 Beam distributions at the slit-mask (X115) after horizontal beam focus. . 63

7.4 Vertical beam sizes at X120 before (top) and after (bottom) additional
focusing. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64

7.5 Beam distributions at X120 at each RF phase of CC1 when the slit-mask
is inserted and the skew quadrupole magnet is set to 0.9 A. . . . . . . . . 65

viii



List of Figures ix

7.6 Vertical spacing depending on the current of the skew quadrupole magnet
at (CC1, CC2)=(0�, +30�) and (+30�, 0�). . . . . . . . . . . . . . . . . . 65

7.7 Beamline geometry and pyrometers. . . . . . . . . . . . . . . . . . . . . . 66

7.8 The autocorrelation function (top) and the frequency spectrum (bottom)
for the maximum longitudinal compression of the beam. . . . . . . . . . . 67

7.9 The autocorrelation functions with pyrometers and the frequency spectra
when the electron beam bunch is lengthened. . . . . . . . . . . . . . . . . 67

7.10 Electron beam (left) and energy (right) distributions after the slit-mask. . 68

7.11 Transverse distributions of Electrons, photons, neutrons, and positron
distributions at z=4 m (around the pyrometers). . . . . . . . . . . . . . . 69

7.12 Energy distributions of Electrons, photons, neutrons, and positron distri-
butions at z=4 m (around the pyrometers). . . . . . . . . . . . . . . . . . 69

7.13 THz detector system with the Michelson interferometer and a bolometer. 70

7.14 Simulation geometries for di↵erent radiation shielding places. . . . . . . . 71

7.15 Electron distributions for each case at the bolometer. . . . . . . . . . . . 72

7.16 Photon distributions for each case at the bolometer. . . . . . . . . . . . . 72

7.17 Positron distributions for each case at the bolometer. . . . . . . . . . . . . 73

7.18 Neutron distributions for each case at the bolometer. . . . . . . . . . . . . 73

7.19 The Michelson interferometer installed upstream of the Martin-Puplett
interferometer. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75

7.20 A He-cooled bolometer (HDL-5 model, IRLabs). . . . . . . . . . . . . . . 75

8.1 Initial population depending on beam divergences for di↵erent states of
n=0, 1, 2, and 3 at incident angle of 0 degree. . . . . . . . . . . . . . . . . 80

8.2 Photon yields for beam divergences of 0.1, 0.3, 0.9, and 1.1 mrad. . . . . . 80

8.3 Optics functions of the transport line when beam sizes at crystal are
minimum for 1 pC, 20 pC, and 200 pC. . . . . . . . . . . . . . . . . . . . 83

8.4 Beam sizes at the crystal depending on the beta functions for 1 pC, 20
pC, and 200 pC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 84

8.5 Beam size distributions at the crystal for di↵erent momentum spreads for
20 pC when the beta functions at the crystal are 3 mm. . . . . . . . . . . 85

8.6 Beam optics for the high yield solution along the transport line from the
last cavity to the beam dump. . . . . . . . . . . . . . . . . . . . . . . . . . 87

8.7 Orbit corrections with steering magnets for the high brightness optics
(upper plots (a) and (b)) and the high yield optics (bottom plots (c) and
(d)) for 200 pC. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.8 Transverse central orbit along the beamline for the high brightness optics
(upper plots (a) and (b)) and the high yield optics (bottom plots (c) and
(d)) after the orbit correction for 200 pC. . . . . . . . . . . . . . . . . . . 90

8.9 Layout showing goniometer and the detector. . . . . . . . . . . . . . . . . 91

8.10 Angular distributions of photons emitted in the forward direction and in
the detector with an acceptance of 2 mrad. . . . . . . . . . . . . . . . . . 93

8.11 Bremsstrahlung spectra in the forward direction (blue) and in the detector
(red). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 93

8.12 Number of photons hitting the detector depending on beam divergences
and beam sizes of incident electrons. . . . . . . . . . . . . . . . . . . . . . 93

8.13 Bremsstrahlung spectra for di↵erent electron energies of 43 MeV, 60 MeV,
80 MeV, and 100 MeV. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 95



List of Figures x

8.14 The expected X-ray spectrum including the background for di↵erence
estimates of the CR photon number. . . . . . . . . . . . . . . . . . . . . . 95

8.15 Angular distributions of a 43 MeV electron beam before and after going
through the diamond crystal with the thickness of 168 µm. . . . . . . . . 98

8.16 Beam positions and sizes (x, y) after the non-channeled (left) and the
channeled (right) electron beam in the diamond crystal. . . . . . . . . . . 98

8.17 Energy distributions of the electron beam before and after the diamond
crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 98

8.18 Di↵erential cross-section (upper) and photon energy (lower) depending
on scattering angle. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

8.19 Layout of the detector. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101

8.20 Three major types of photon interaction with matter. . . . . . . . . . . . 101

8.21 The number of Compton scattered photons and the energy in the detector
for di↵erent crystals. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 102

9.1 The goniometer with the Al foil and the diamond crystal, and the clear
aperture installed in the beamline. . . . . . . . . . . . . . . . . . . . . . . 104

9.2 Layout of the CR experimental setup. . . . . . . . . . . . . . . . . . . . . 104

9.3 Dark current as a function of the beam energy after the RF gun. . . . . . 105

9.4 Beam optics before (upper) and after (bottom) the beam focus at the
diamond crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106

9.5 The two detector counts depending on a bunch charge current. . . . . . . 107

9.6 Radiation spectra measured with the forward (green dots) and the Comp-
ton (blue dots) detectors. . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

9.7 Radiation spectrum going into the Compton detector (red line) and bremsstrahlung
spectra from the stainless steel with a thickness of 1.7 mm simulated with
Geant4. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 108

9.8 Bremsstrahlung (red lines) from the beam duct in the chicane and char-
acteristic X-rays (blue lines) from lead going into the X-ray detectors. . . 108



List of Tables

3.1 Injector parameters . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.2 Magnet parameters for a 50 MeV electron beam. . . . . . . . . . . . . . . 17

6.1 The final energy chirps for di↵erent RF phase in CC1 and CC2. . . . . . . 33

6.2 Micro-bunch widths, spacing, and fundamental frequencies calculated an-
alytically with Eq. (6.21), (6.23), and (6.24), respectively. . . . . . . . . . 36

6.3 Micro-bunch widths, spacing, and fundamental frequencies for each en-
ergy chirp. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44

6.4 Normalized beam emittances and emittance ratios for h=-7, -10, -17 sim-
ulated with Astra and Elegant. . . . . . . . . . . . . . . . . . . . . . . 50

6.5 K-values of skew quadrupole magnets (Q106, Q107, Q111) for h=-7, -10,
-17 simulated with Elegant and calculated with Eq. (6.47-6.49). Values
in parentheses show the K-values estimated with the analytical equations. 50

7.1 Energy chirps corresponding to CC1 RF phases. . . . . . . . . . . . . . . 64

8.1 X-ray energies generated for a diamond crystal and 43 MeV electrons. . . 79

8.2 Twiss parameters, normalized emittances, and energy spreads for 1, 20,
and 200 pC at 8 m from the photocathode, from ASTRA simulations. . . 81

8.3 Minimum beam sizes, beam divergences, and beta functions at the crystal
for the di↵erent charges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85

8.4 Average brilliances at each bunch charge for high brightness solutions. . . 85

8.5 Photon fluxes at each bunch charge for high brightness solutions. . . . . . 85

8.6 Beam sizes and beta functions for a beam divergence of 0.1 mrad at the
crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

8.7 Photon fluxes at each bunch charge for a beam divergence of 0.1 mrad at
the crystal. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 86

8.8 Alignment and field errors for the quadrupole magnets. . . . . . . . . . . 88

8.9 Beam sizes and beta functions at the crystal achieved for the high bright-
ness optics using the quadrupole magnets with the misalignments and
field errors. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89

8.10 The number of background photons registered in the detector for three
charges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 92

8.11 Number of photons generated in the forward direction for di↵erent elec-
tron energies of 43 MeV, 60 MeV, 80MeV, and 100 MeV. . . . . . . . . . 95

8.12 The number of background photons per second registered in the detector
for three charges. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 100

xi



Abbreviations

FAST Fermilab Accelerator Science and Technology

IOTA Integrable Optics Test Accelerator

CsTe Cesium Telluride

CR Channeling Radiation

YAG Yttrium Aluminum Garnet

CTR Coherent Transition Radiation

TR Transition Radiation

LSC Longitudinal Space Charge

CAM Canonical Angular Momentum

MPI Martin-Puplett Interferometer

MI Michelson Interferometer

BS BremSstrahlung

CdTe Cadmium Telluride

PVC PolyVinyl Chloride

PMMA PolyMethyl MethAcrylate

xii



Chapter 1

Introduction

Particle accelerators have been utilized in not only high energy physics for an under-

standing of the universe but also in the medical field for cancer therapy and in material

science for materials analysis, and are one of the essential tools in a wide range of scien-

tific and industrial fields. Synchrotron radiation from an accelerator, which can generate

light with a range of wavelengths, is especially a powerful radiation source since users can

choose a high intensity specific wavelength depending on their experimental purposes.

Recently, using FELs, we can obtain the high intensity coherent light with a wide energy

range except for THz and hard X-ray ranges. Also, micron wavelength radiation or radio

waves have been studied for a long time and already utilized as radars, communication

tools, and microwave ovens which are our familiar items.

The development and application of THz and hard X-ray regions are left behind

compared with other wavelength ranges. A while ago, it was di�cult to generate THz

radiation whose frequency range is from 0.1 THz (�=0.3 mm) to 30 THz (�=10 µm)

due to technical di�culties. Recently, THz sources with lasers and/or accelerators have

been proposed and developed [1–16], however, they cannot be said to be a compact

high intensity radiation source with frequency tunability. As for hard X-rays with an

energy of over 100 keV, broadband hard X-rays can be generated by bending 8 GeV

class electron beams, while the generation of quasi-monochromatic hard X-rays requires

an insertion device and monochromators. Therefore, experiments such as high energy

fluorescent X-ray spectroscopy need to be performed in a limited number of high energy

synchrotron radiation facilities such as national laboratories.

The final goal is to develop a compact, energy tunable, and high intensity THz and

hard X-ray sources for applications in many fields. The objectives of this thesis are

1) to propose the feasible THz/hard X-ray sources which can generate narrow-band

THz waves with a frequency of over 1 THz and quasi-monochromatic hard X-rays in an

1
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energy range from 50 keV to 110 keV, and 2) to demonstrate that the proposed methods

can be a compact and frequency tunable high intensity THz/hard X-ray sources. The

demonstration experiments on THz and hard X-ray generation were performed at the

FAST (Fermi Accelerator Science and Technology) facility [17, 18] in Fermilab.

The method to generate narrow-band THz radiation in a small accelerator facility is

the use of a slit-mask and a chicane. We create a micro-bunched beam by combining

them to emit narrow-band THz radiation. On the other hand, we employ channeling

radiation (CR) which can emit quasi-monochromatic hard X-rays with a single crystal

and an electron beam with an energy of below 100 MeV [19–22]. These are simple

methods, which does not require an insertion device. We use electron beams with an

energy of at most 50 MeV, as the footprint of an accelerator facility depends on the

electron beam energy due to the number of accelerating structures and thickness of

radiation shielding around the accelerator.

In following Section 1.1 and 1.2, the details of our ideas for each radiation source

are described. In Chapter 2, the beam dynamics including transfer and beam matrices

of each magnet installed in the beamline, Twiss parameters, and beam emittance are

described. In Chapter 3 and 4, the FAST injector, the beam, and machine parameters

are shown. We introduce measurements of energy spread and a beam emittance in

Chapter 5. The theory, the particle tracking simulations, and the experimental results

for THz radiation with micro-bunched beams are presented in Chapter 6 and 7. In

Chapter 8 and 9, we present the simulation and experimental results of CR. In Chapter

10, conclusions are described.

1.1 THz radiation

THz radiation has features of non-ionizing and high transmission through non-metal

materials such as clothes, paper, plastic. Moreover, many materials have characteristic

absorption spectra in the THz range. Therefore, THz radiation has been utilized in fun-

damental research in material, biological, and engineering science. In a THz source based

on a combination of a laser and a crystal, the crystal damage for the high power laser

becomes the problem. Also, THz radiation emitted by CSR and Transition radiation

with an accelerator is spectrally broadband [14, 23, 24]. We would like to develop a tun-

able narrow-band THz radiation source for applications such as molecular spectroscopy,

imaging, resonant control. One of the methods to emit narrow-band THz radiation with

an accelerator is the use of an undulator which is an insertion device [10, 25], however,

it requires high construction cost.
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In order to generate narrow-band THz radiation in a compact accelerator facility,

we focused on a simple method of producing a micro-bunched beam using a slit-mask

and a chicane which is one of the standard components in an accelerator [26–28]. The

transverse slicing of a bunch by the slit-mask installed in the chicane is transformed into

the longitudinal plane taking advantage of dispersion at the slit-mask. Also, a magnetic

chicane consisting of four dipole magnets can lengthen or shorten to an appropriate

comb structure required to generate THz radiation. The advantage with this method is

that narrow-band THz radiation with frequency tunability can be emitted by choosing

RF phases in the cavities. Moreover, intense THz radiation can be generated due to a

high bunch repetition rate.

We also considered an observation method of micro-bunched beams. In general, micro-

bunch beams are monitored using a streak camera and an RF deflector. As we create

the micro-bunched beam with a spacing of ⇠0.3 mm, a streak camera cannot measure it

correctly due to the resolution. Also, an RF deflector requires high production cost and

beamline space. Therefore, we monitor the micro-bunched beam with a skew quadrupole

magnet placed downstream of the slit-mask in the chicane. We can see modulations in

the vertical plane after the chicane when the skew quadrupole magnet is turned on, since

the skew quad creates a vertical dispersion, and the vertical plane of the electron beam

after the chicane has information on horizontal separation at the skew quad.

For generating higher intensity THz radiation with higher narrow-band frequencies, we

considered the use of a flat beam and a wiggler. The theory of a micro-bunched beam

says that �x"x at the slit-mask should be as small as possible for clear longitudinal

separations of a micro-bunched beam (ideally �-function). This leads to an increase

in the bunching factor at higher harmonics (frequency). As a result, the intensity at

higher frequencies will be also increased. We simulated the production of a flat beam

and obtained an emittance ratio of "y/"x = 200 at FAST. Through simulations with

the flat beam, we found that narrow-band radiation with high bunching factors at high

frequencies is emitted. Moreover, to amplifier the intensity, we calculated the energy

density [J/THz] when the micro-bunched beam passes through a small wiggler. As a

result, the energy density from the wiggler can be increased about 500 times higher than

that from CTR. In this thesis, the details of the theory, simulations, and experiment

results are present, and also the setup of a bolometer used in the upcoming experiments

are described.
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1.2 Channeling radiation

Channeling radiation (CR) can be generated when high energy charged particles such

as electrons and positrons pass through a single crystal parallel to a crystal plane or axis

[29]. The electron motion in the crystal is similar to that in an undulator, therefore,

generated X-rays are quasi-monochromatic and high energy for an electron beam with an

energy of below 100 MeV. For instance, CR can emit X-rays with an energy of 100 keV

using a ⇠50 MeV energy electron beam [30, 31]. By comparison, synchrotron radiation

(SR), is currently the main X-ray source, requires a few GeV electron beam to generate

X-rays of 100 keV. For an inverse Compton scattering, an electron beam energy of ⇠75

MeV is needed for a laser wavelength of 1 µm. Therefore, CR has the potential to be

used for a compact quasi-monochromatic hard X-ray source. In the 1980s and the 1990s,

CR generation experiments with a ⇠50 MeV electron beam and a diamond and a silicon

crystals were carried out [30–33]. However, the high photon flux could not be radiated

due to a high emittance beam. Recently, a photocathode RF gun can produce a lower

emittance beam than that emitted by a thermal electron gun ⇠30 years ago, and we can

also obtain a high quality single crystal.

We used a diamond crystal because of its low atomic number Z, high Debye temper-

ature, and large thermal conductivity. The crystal is oriented so that the electron beam

propagates parallel to the (110) plane of the crystal. The electron beam energy of 43

MeV is chosen to generate hard X-rays, and then expected X-ray energies are 51 keV,

67.5 keV, and 110 keV with each energy spread of about 10%. We detect them using

the CdTe X-123 (Amptek) pin diode detector that can measure X-rays with an energy

range of 5 keV-150 keV. We set the target yield as 109 photons/s that is the minimum

required to be applicable as a hard X-ray source in scientific fields.

Recently, the theoretical model of CR was improved with the model of de-channeling

and re-channeling characterized by a free parameter nf [34]. The nf was determined

using data measured at CR experiments in the ELBE facility. As a result, within 20%

error bars, the theoretical CR yields are in agreement with those measured at 14, 17,

and 30 MeV in the ELBE facility. The CR yields expected at the FAST facility have

been already calculated and reported in [34, 35]. We need to verify the updated model

and improve the CR theory using data measured at ⇠50 MeV in the FAST facility to

resolve the remaining discrepancy between experiments and theory.

We performed more detailed calculations of the CR yields including bremsstrahlung

background from the diamond crystal with Geant4, simulations of beam optics for high

yield and high brightness operations, and consideration of the Compton spectrometer

as the second detector to avoid pile-up e↵ects during high charge operations [22, 36]. In
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this thesis, the detailed simulation results and the results of CR experiments performed

in the FAST facility, and the analysis are presented.



Chapter 2

Beam dynamics

In an accelerator, charged particles are transported using various types of magnets

for beam steering and focusing. The evolution of beam trajectories under the Lorentz

force along a beamline is called the beam optics (or beam dynamics). In this section, we

introduce linear beam dynamics which describes the motion of ensembles of particles in

an accelerator. The basic beam parameters such as a beam emittance, Twiss parameters,

and transfer matrices (mathematical formulas) of several magnets used in an accelerator

are also explained.

2.1 Equation of Motion of a charged particle

A charged beam in electromagnetic fields experiences a force known as the Lorentz

force, and the beam trajectory is deflected. When a particle with a charge q moving

a velocity v passes through a magnet with an electromagnetic field E and a magnetic

field B, the Lorentz force acting on the particle is [37–39]

F =
dP

dt
= q(E + v ⇥B), (2.1)

where P is the momentum of the particle, and Newton’s law of motion (F=Ṗ ) is used.

According to the theory of special relativity, the relation between the particle momentum

P and the particle velocity v is

P =
mvq
1� v2

c2

=
mvp
1� �2

= �mv. (2.2)

Trajectories and beam sizes of charged beams with a relativistic velocity are controlled

with magnetic fields B such as a dipole and a quadrupole magnet. When a charged

6
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beam is bend using a dipole magnet, a relation between the beam energy and the dipole

magnet can be written as P = qB⇢, where q is the charge of a particle and ⇢ is the

bending radius. For an electron beam, we have

P [GeV/c] ' 0.2998B[T]⇢[m]. (2.3)

In general, a beam energy is measured by bending an electron beam with a dipole

magnet.

In accelerator physics, the motion of a particle is described with a six-dimensional

phase space with coordinates [40, 41]

X(s) =
⇥
x(s), x0(s), y(s), y0(s), z(s), �

⇤T
, (2.4)

s: a position along a reference trajectory X(0),

x, y: the horizontal and vertical displacements from the reference trajectory,

x
0 = dx/ds, y0 = dy/ds: the horizontal and vertical angles from the reference trajectory,

z: the longitudinal displacement from s = 0,

� = dP/P0: a relative momentum deviation from the reference momentum P0.

When a charged particle at position s0 is transported to another position sf after passing

through elements of magnets and drift space, the phase space of the charged beamX(sf )

can be written as [42]

X(sf ) = Mn ·Mn�1 · . . . ·M1 ·X(s0), (2.5)

where Mi (i = 1, ..., n) are the 6⇥6 transfer matrices of magnets and drift spaces

consisting of the beamline, and the determinant of all transfer matrices in linear beam

optics is always detMi=1.

2.2 Transfer matrices

The six dimensional phase space of a charged particle transformed from the initial

positron i to the final position f in a beamline can be shown with multiplications of

transfer matrices M of elements of an accelerator, as mentioned in Eq. (2.5). Here, the

linear transfer matrices of drift space, quadrupole magnet, dipole magnet are described.

Assuming that we use the transverse magnetic field of dipole magnets B(x, y, z) =

(0, By, 0) and quadrupole magnets B(x, y, z) = (Bx, By, 0) in cartesian coordinates,
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transverse motions of a particle can be written as [39, 41]

d
2
x

ds2
+Kx(s)x(s) =

1

⇢

�P

P
,

d
2
y

ds2
+Ky(s)y(s) = 0, (2.6)

Kx(s) = � B
0

B⇢
+

1

⇢2
, Ky(s) =

B
0

B⇢
, (2.7)

where B0=@Bx/@y=@By/@x represents the gradient of a quadrupole magnet. The trans-

fer matrices of each element of an accelerator can be obtained by solving Eq. (2.6). Also,

the magnetic fields Bx and By of each magnet are obtained by solving Maxwell equations.

2.2.1 Drift space

An electron beam in a drift space travels in the beamline without acting on a magnetic

field: B(x, y, z) = (0, 0, 0) and 1/⇢ = 0. From Eq. (2.6) and (2.7), d2x(s)
ds2 =0 and d2y(s)

ds2 =0.

As a result, we obtain x(L)=x(0)+Lx
0(0) and y(L)=y(0)+Ly

0(0), where L is the distance

of the drift space. Therefore, a transfer matrix Mdrift of a drift space is

Mdrift =

0

BBBBBBBBBB@

1 L 0 0 0 0

0 1 0 0 0 0

0 0 1 L 0 0

0 0 0 1 0 0

0 0 0 0 1 L
�2

0 0 0 0 0 1

1

CCCCCCCCCCA

, (2.8)

where L/�
2(=M56) is close to zero for high energy electron beams.

2.2.2 Quadrupole magnet

Quadrupole magnets are used to control (focusing and de-focusing) electron beam

sizes, and the transverse motions of an electron beam in a quadrupole magnet (⇢=0)

from Eq. (2.6) and (2.7) are d2x
ds2 � B0

B⇢x=0 and d2y
ds2 +

B0

B⇢y=0. A transfer matrix Mquad of

a quadrupole magnet with a magnetic length L can be driven by solving these equations
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for the horizontal and vertical planes.

Mquad =
0

BBBBBBBBBBB@

cos(
p
KL) sin(

p
KL)p
K

0 0 0 0

�K sin(
p
KL) cos(

p
KL) 0 0 0 0

0 0 cosh(
p

|K|L) sinh(
p

|K|L)p
|K|

0 0

0 0
p
|K| sinh

p
|K|L cosh(

p
|K|L) 0 0

0 0 0 0 1 L
�2

0 0 0 0 0 1

1

CCCCCCCCCCCA

. (2.9)

The magnetic fields in quadrupole magnets act to focus the electron beam in one plane

(x or y) and defocus in the other plane.

2.2.3 Dipole magnet

Dipole magnets with a bending radius ⇢ and a bending angle ✓, used to bend electron

beams, are divided into two types: rectangular and sector magnets. The rectangular

magnet has edge focus, which is the same function as a quadrupole magnet at the

entrance and exit of the magnets, while the sector magnet does not have the edge focus

at the end faces.

2.2.3.1 Sector magnet

When a beam goes through a sector magnet, the central trajectory of the beam enters

and exits perpendicular to the entrance and the exit of the magnet. From Eq. (2.6), (2.7),

and the z-component in Eq. (2.1), the transverse and longitudinal motions are given by
d2x
ds2 ⇠� x

⇢2 + 1
⇢
�P
P , d2y

ds2=0, and d2z
ds2=�1

⇢
dx
ds . The general solution in the horizontal plane

is the summation of the homogeneous and inhomogeneous equations. As a result, a

transfer matrix Msec of a sector magnet is given by

Msec =

0

BBBBBBBBBB@

cos ✓ ⇢ sin ✓ 0 0 0 ⇢(1� cos ✓)

� sin ✓
⇢ cos ✓ 0 0 0 sin ✓

0 0 1 L 0 0

0 0 0 1 0 0

� sin ✓ �⇢(1� cos ✓) 0 0 1 �⇢(✓ � sin ✓)

0 0 0 0 0 1

1

CCCCCCCCCCA

. (2.10)



Chapter 2 Beam dynamics 10

Comparing this matrix with Eq. (2.9), electron beams passing through a sector magnet

are focused in the horizontal plane, while the motion of the beam in the vertical plane

is the same as a drift space.

2.2.3.2 Rectangular magnet

A rectangular magnet is a dipole magnet with an edge angle of � at the entrance and

the exit of a sector magnet. The central trajectory of a beam goes into the entrance and

the exit of the rectangular magnet at an edge angle � = ✓/2, and then edge focusing

like a quadrupole magnet acts on the beam at the end faces. The deflecting angle by

the edge is given by x tan�
⇢ , and the transfer matrix Medge of the edge focusing can be

written as

Medge =

0

BBBBBBBBBB@

1 0 0 0 0 0
1
⇢ tan(

✓
2) 1 0 0 0 0

0 0 1 0 0 0

0 0 �1
⇢ tan(

✓
2) 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

1

CCCCCCCCCCA

. (2.11)

A transfer matrix Mrectan of a rectangular magnet, can be given by Mrectan=Medge ·
Msector ·Medge, results in

Mrectan =
0

BBBBBBBBBB@

1 ⇢ sin ✓ 0 0 0 ⇢(1� cos ✓)

0 1 0 0 0 2 tan( ✓2)

0 0 1� ✓ tan( ✓2) ⇢✓ 0 0

0 0 �1
⇢ tan(

✓
2)(2� ✓ tan( ✓2)) 1� ✓ tan( ✓2) 0 0

�2 tan( ✓2) �⇢(1� cos ✓) 0 0 1 �⇢(✓ � sin ✓)

0 0 0 0 0 1

1

CCCCCCCCCCA

.

(2.12)

2.3 Beam matrices

The 6⇥6 matrixX2 after an electron beam passes through an element of an accelerator

with a transfer matrix M is given by X2=MX1, where X1 represents the initial phase

space of an electron beam, and then the transposed matrix becomes XT
2 =XT

1 M
T . By

averaging and multiplying these equations, we have hX2XT
2 i = MhX1XT

1 iMT . Here,



Chapter 2 Beam dynamics 11

we define a beam matrix �(s)

�(s) = hXXT i =

0

BBBBBBBBBB@

hx2i hxx0i hxyi hxy0i hxzi hx�i
hxx0i hx02i hx0yi hx0y0i hx0zi hx0�i
hxyi hx0yi hy2i hyy0i hyzi hy�i
hxy0i hx0y0i hyy0i hy02i hy0zi hy0�i
hxzi hx0zi hyzi hy0zi hz2i hz�i
hx�i hx0�i hy�i hy0�i hz�i h�2i

1

CCCCCCCCCCA

. (2.13)

The beam sizes �x,y are defined by the square root of the hx2i and hy2i. When a beam

travels an element with a transfer matrix M from the initial position s1, the sigma

matrix �(s2) can be calculated as �(s2) = M�(s1)MT .

2.4 Phase space ellipse

An electron beam in a beamline consists of many particles and travels oscillating

transversally around the central trajectory. In this section, we describe the properties

of transverse motions of the electron beam.

2.4.1 Twiss parameters ↵, �, and �

As mentioned before, the basic horizontal motion of an electron beam for �P/P=0 is

x
00(s) +Ks(s)x(s)=0 from Eq. (2.6), where x(s) is betatron oscillation which represents

a transverse oscillation around the central trajectory of the beam. The general solution

of this equation can be written as x(s)=a

p
�x(s) cos( x(s)� x0), where  x(s)=

R s
0

ds
�x(s)

is the phase function, �x is the beta function known as the amplitude function, and a

and  x0 are constants of integration [41, 43]. Then, x0(s) is

x
0(s) = �a

p
�(s) sin( x(s)�  

0
x0
), (2.14)

) � =
1 + ↵

2(s)

�(s)
, ↵ = �1

2

d�(s)

ds
. (2.15)
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2.4.2 Beam emittance

When the horizontal and the vertical motions do not have correction each other, the

general solutions of the beam trajectory are

x(s) = a

p
�x(s) cos( x(s)�  x0), (2.16)

x
0(s) = �↵

�
x� ap

�
sin( x(s)�  x0). (2.17)

From these equations, we have �x0(s) + ↵x(s)=�a
p
� sin( x(s) �  x0). Therefore, we

can obtain the following relation

x
2 + (�x0 + ↵x)2

�
= a

2 (= constant). (2.18)

This shows the equation of an ellipse, and the area of this ellipse S is S = ⇡a
2. This a2

is called an emittance, and it is written with ". From Eq. (2.18), we have

�(s)x2 + 2↵(s)x0x+ �(s)x02 = ". (2.19)

This is called the Courant-Snyder invariant and is described with Twiss parameters:

↵(s), �(s), and �(s). This shape of the ellipse varies along a beamline, but the area

stays constant. Also, we consider the maximum values in Eq. (2.16) and (2.17) and take

average values of them,

hx2i = "�, hx02i = "�, hxx0i = �"↵. (2.20)

2.4.2.1 Two dimensional beam emittance

From Eq. (2.13), a 2⇥2 beam matrix �(s)2⇥2 can be expressed as

�(s)2⇥2 =

 
hx2i hxx0i
hxx0i hx02i

!
= "

 
�(s) �↵(s)
�↵(s) �(s)

!
. (2.21)

We take a determinant of this equation,

det�(s)2⇥2 = hx2ihx02i � hxx0i2 = "
2(�� � ↵

2) = "
2
, (2.22)

) "
2D =

p
det�2⇥2. (2.23)

"
2D (="x, "y) is called a two dimensional emittance or a projected emittance, which

is obtained by treating the transverse motions (x, y) of the beam, separately even if

the beam is coupled in the horizontal and vertical planes. The x-y coupling causes an
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increase in the 2D emittance "x,y since the beam with the x-y coupling is projected onto

the horizontal and vertical planes. This 2D emittance "x,y can be obtained measuring

beam sizes varying the strength of a quadrupole magnet (“Q-scan method”) or using

wire scanner [44].

2.4.2.2 Four dimensional beam emittance

From Eq. (2.13), a 4⇥4 sigma matrix �4D is given by

�4� =

0

BBBBB@

hx2i hxx0i hxyi hxy0i
hxx0i hx02i hx0yi hx0y0i
hxyi hx0yi hy2i hyy0i
hxy0i hx0y0i hyy0i hy02i

1

CCCCCA
. (2.24)

This matrix shows that an electron beam has a correlation (x-y coupling) between the

horizontal and the vertical planes which is caused by misalignment of magnets and a

solenoid coil [37]. The �4⇥4 can be diagonalized with a symplectic matrix U which makes

the change of coordinates [45],

�4D = U�4DU
T =

0

BBBBB@

"1 0 0 0

0 "1 0 0

0 0 "2 0

0 0 0 "2

1

CCCCCA
, U =

0

BBBBB@

0 1 0 0

�1 0 0 0

0 0 0 1

0 0 �1 0

1

CCCCCA
. (2.25)

We have a following relation by the determination of Eq. (2.24) and (2.25),

det(�4D) = det(�4D) = "
2
1"

2
2 ) "

4D =
p

det(�4D) =
p
det(�4D) = "1"2 (2.26)

"
4D (="1"2) is called a four dimensional emittance or an intrinsic emittance [46–48].

Also, the relation between 2D emittances and 4D emittances is

"1"2  "x"y. (2.27)

When the beam does not have the x-y coupling correlation, the projected emittance is

equal to the 4D emittance. Moreover, the coupling constant which is a ratio of the 4D

and 2D emittances can be defined as

C =

r
"x"y

"1"2
� 1 � 0. (2.28)

For a decoupling beam C = 0, and for a coupling beam C > 0.



Chapter 3

Accelerator Facility for

experiments

We performed THz and Channeling radiation experiments at the electron photoinjec-

tor of the Fermilab Accelerator Science and Technology (FAST) facility [18]. The FAST

facility consists of the injector, superconducting accelerating structures for beam accel-

eration into the rest of the linac or to a storage ring. Figure 3.1 shows the layout of the

FAST’s facility. The storage ring is called IOTA (Integrable Optics Test Accelerator),

which is built for research on nonlinear integrable optics, beam dynamics of space charge

e↵ects and their compensation, and beam cooling [17]. We carried out the experiments

in the 50 MeV linac section (low energy beamline). In this section, we introduce the

photoinjector and beam parameters for our experiments.

Figure 3.1: The layout of the FAST’s facility [17].

14
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3.1 FAST Photoinjector

The 50 MeV section (low energy bamline) of the photoinjector consists of a Cs2Te

photocathode RF gun with a normal conducting 1.5 cell cavity, two TESLA style 9-cell

superconducting cavities, normal and skew quadrupole magnets, a chicane, a vertical

bending magnet for beam extraction, and a beam dump. The layout and basic param-

eters of the photoinjector are shown in Figure 3.2 and Table 3.1.

The photocathode of the FAST injector is composed of a 10 mm diameter molybde-

num disk coated with the semiconductor Cs2Te. Each electron bunch is produced by

irradiating the photocathode with an ultraviolet laser pulse with a wavelength of 263

nm. A bunch train has 3000 bunches, has a duration of 1 ms and the train repeats at

5 Hz. The RF gun, which is identical to the one developed at DESY for the FLASH

facility [49], is operated at a peak accelerating gradient of 45 MeV/m and can accelerate

electrons to ⇠5 MeV. Also, it is surrounded by two identical solenoid coils (bucking and

main coils) to focus the electron beam transversely or to control the magnetic field at

the cathode, as shown in the left side in Fig. 3.2.

The main solenoid coil downstream of the cathode is used to cancel the defocusing

e↵ect at the exit of the RF gun and to suppress the emittance growth induced by the

space charge e↵ect. However, a nonzero axial magnetic field on the cathode imparts

angular momentum and hence angular divergence which leads to emittance growth. A

bucking solenoid coil is used to cancel the magnetic field from the main solenoid on the

photocathode (Bz(z = 0) = 0). The optimum coil currents are found by minimizing

the measured beam emittance. The expected normalized beam emittance, longitudinal

bunch length, and energy spread after the RF gun are about <2 µm [50], 3 ps, and <0.2

% at 200 pC, respectively.

On the other hand, an electron beam needs to have finite angular momentum (a

magnetized beam) for generating a flat beam ("x/"y 6= 1). Also, a high emittance ratio

requires strong magnetic fields (Bz(z = 0) 6= 0) on the cathode, mentioned in Sec. 6.6.

We realize a strong magnetic field on the photocathode by the combination of the two

solenoid coils whose peak fields are 0.28 T at the maximum current of 500 A, and then

the emittance ratio will be achieved to be over 200 [51–53].

The electron beam with an energy of 5 MeV after the RF gun is accelerated up to

⇠50 MeV through the two superconducting structures (CC1 and CC2) in their own

cryomodules cooled to 2 K. The accelerating gradients of CC1 and CC2 are ⇠16 MV/m

and ⇠20 MV/m, respectively. Usable RF phases of them range from -35 degrees to

35 degrees and we produce an energy chirped beam using o↵-crest RF phases. Also,
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all cavities (RF gun and CC1&2) in the FAST photoinjector are operated at an RF

frequency of 1.3 GHz with a repetition rate of 5 Hz.

The electron beams with an energy of 50 MeV after CC2 travel through three skew

quadrupole magnets to remove the angular momentum from a magnetized beam and

five normal quadrupole magnets and are sent either to the chicane or the straight line

corresponding to requirements for each experiment. The four dipole magnets consisting

of the chicane provide bending angles of (-, +, +, -) 18 degrees, respectively, yielding

a longitudinal dispersion of M56. M56 is the matrix element that connects the path

di↵erence to the energy deviation and is given by M56 =
R ⌘x

⇢ ds = �0.18 m, where

⇢ is the bend radius of each dipole magnet. In the middle of the chicane, a slit-mask

with spacings and widths of 950 µm and 50 µm and a skew quadrupole magnet with an

e↵ective length of 128 mm are installed for the THz experiments.

After the chicane, a chamber with a goniometer was installed for the channeling radi-

ation experiments. The goniometer, was developed at the Helmholtz Zentrum Dresden

Rossendorf (HZDR), has an Al foil for detector calibration, a diamond crystal for CR

radiation, and a clear aperture for beam commissioning. Details of this goniometer will

be mentioned in Sec. 9.1. The electron beams are bent by the dipole magnet positioned

downstream of the goniometer into the beam dump. This dipole magnet provides a kick

of 22.5 degrees and requires an integrated field of 640 G-m at a 50 MeV beam energy.

The normal and skew quadrupole magnets used to control the electron beam sizes and

transverse beam couplings in the beamline have a maximum gradient of 6.6 T/m at an

energy of 50 MeV, their bore diameter is 54.6 mm, and the e↵ective magnet length is 167

mm. Also, eight steering magnets are inserted in the beamline to correct the electron

beam trajectory. Each steering magnet is capable of a maximum kick of 7.5 mrad to

a 50 MeV electron beam. Table 3.2 shows magnet parameters for a 50 MeV electron

beam. The e↵ective magnetic length of the skew quadrupole magnet in the chicane is

di↵erent from that of the other skew quads in the straight line, as mentioned above.

Several yttrium aluminum garnet (YAG) screens and electromagnetic beam-position

monitors (BPMs) are available along the beamline to respectively measure the beam

transverse profile and beam centroid position. Two YAG screen monitors (at X120 and

X121) are positioned before and after the goniometer, and we estimate the beam sizes

at the crystal by using these two monitors and the transfer matrix. Also, an Al foil is

installed at X121 to generate transition radiation for THz radiation experiments. The

Al foil is placed close to the X121 screen monitor. A screen monitor at X124 inserted

downstream of the vertical bending magnet is used to obtain the beam energy and the

energy spread by measuring the beam size and the vertical shift of the electron beam.
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Table 3.1: Injector parameters

Parameters Value

Beam energy after gun 5 MeV
Maximum beam energy <50 MeV
Bunch charge (Nominal) <10 fC - 3.2 nC (200 pC)

Bunch frequency (Nominal) 0.5-9 MHz (3 MHz)
RF repetition (Nominal) 1-5 Hz (5 Hz)
Macropulse duration 1 ms
Accelerating frequency 1.3 GHz
Normalized emittance ⇠2 µm

Peak operational gradients in (CC1, CC2) (16 , 20) MV/m
Bunch length (Nominal) 0.9 - 70 ps (5 ps)

Uncorrelated energy spread <0.2%
Chicane longitudinal dispersion M56 -0.18 m

Chicane horizontal dispersion ⌘ 0.32 m

Table 3.2: Magnet parameters for a 50 MeV electron beam.

Magnets Max. current Max. magnet field Kick angle E↵ective length (bore diameter)

Solenoid coil (main and bucking) 500 A 0.28 T — —
Vertical dipole magnet 7.7 A 640 G-m 22.5 mrad 265.3 mm

Steering magnet 7.6 A 12.5 G-m 7.5 mrad —
Dipole magnet (chicane) — — 18 degrees 264.7 mm

Quadrupole magnet 9.0 A 6.6 T/m — 167 mm (54.6 mm)
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Figure 3.2: Layout of the FAST photoinjector. The left figure represents the RF gun
and the 5MeV beamline [17], and the right figure represents the overview
of the 50 MeV beamline.



Chapter 4

Magnetic chicane

A magnetic chicane consists of four identical dipole magnets which have the same

magnetic field, magnetic length, and bending angle. Each dipole magnet is placed so that

the polarities of the first and the fourth dipole magnets are opposite with respect to those

of the second and third dipole magnets, which is a symmetric geometry at the center of

the chicane [40]. In a chicane, dispersion occurs due to dipole magnets and is canceled

at the exit of the chicane. Figure 4.1 shows a simplified magnetic chicane. The magnetic

chicane is generally used for relative bunch lengthening or shortening of an electron beam

or for energy collimation [54–58]. We use the chicane for bunch compression and/or

de-compression in THz generation experiments. In the CR experiments we use it for

mitigating the dark current generated at the photocathode using the energy di↵erence

between the dark current and the main electron beam.

The particle trajectory traveling through a chicane depends on the particle energy.

The colored lines in Fig. 4.1 represent particle trajectories with di↵erent energies: higher

energy, mean energy, lower energy. In a chicane, higher energy particles (green line) go

through the inside of the central trajectory of the mean energy particles (blue line).

Conversely, lower energy particles (red line) pass through the outside of the central

trajectory [40]. When an electron beam with a correlation between the longitudinal

position and energy (energy chirped beam) enters a magnetic chicane, it is shortened

or lengthened longitudinally at the exit of the chicane. The compression ratio depends

on values of an energy chirp h and a chicane parameter M56. Here, a magnetic chicane

composing of four rectangular magnets installed in the FAST beamline is described.

19
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Figure 4.1: Layout of a magnet chicane. Red, blue, and green lines represent particle
trajectories with di↵erent energies.

4.1 Chicane parameters from path length di↵erence

The path length S1 of a reference trajectory from the entrance of the first dipole

magnet to the exit of the fourth dipole magnet is

S1 = 4
LB

sin ✓0
✓0 + 2

Ld

cos ✓0
+ Lc, (4.1)

where LB is the magnetic length, Ld is the distance between the first dipole and the

second dipole magnets, Lc is the distance between the second dipole and third dipole

magnets, and ✓0 is the bending angle of the dipole magnets. Also, the di↵erence of the

path length for an energy spread � (o↵-momentum) is

S2 = 4
LB

sin ✓1
✓1 + 2

Ld

cos ✓1
+ Lc. (4.2)

Here, ✓1 means the bending angle for o↵-momentum (� 6= 0), and there is the following

relation between the two bending angles,

✓1 =
✓0

1 + �
. (4.3)

The di↵erence of the path length for di↵erent energy particles in the chicane can be

written as

�S = S2 � S1 = 4LB

✓
✓1

sin ✓1
� ✓0

sin ✓0

◆
+ 2Ld

✓
1

cos ✓1
� 1

cos ✓0

◆

⇠ 2LB
✓
2
1 � ✓

2
0

3
+ Ld

�
✓
2
1 � ✓

2
0

�
. (4.4)
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Using Eq. (4.3), �S is

�S =
2

3
LB

"✓
✓0

1 + �

◆2

� ✓
2
0

#
+ Ld

"✓
✓0

1 + �

◆2

� ✓
2
0

#

= ✓
2
0

"✓
1

1 + �

◆2

� 1

#✓
2

3
LB + Ld

◆
. (4.5)

Also, for a small momentum deviation, the following approximation can be used

✓
1

1 + �

◆�2

⇠ 1� 2� + 3�2 � 4�3 + · · · . (4.6)

As a result, Eq. (4.5) becomes

�S ⇠ �2✓20�

✓
2

3
LB + Ld

◆
+ 3�2✓20

✓
2

3
LB + Ld

◆
� 4�3✓20

✓
2

3
LB + Ld

◆
. (4.7)

In general, the di↵erence of the path length between the reference particle and the

particle with the energy spread � can be written as

�S(= S2 � S1) ⇠ M56� + T566�
2 + U5666�

3 + o(�4), (4.8)

whereM56, T566, U5666 are 1st, 2nd, and 3rd order longitudinal dispersions in the chicane,

respectively. By comparing Eq. (4.7) and Eq. (4.8), we can get the following relations

M56 = �2✓20

✓
2

3
LB + Ld

◆
. (4.9)

T566 = 3✓20

✓
2

3
LB + Ld

◆
= �3

2
M56. (4.10)

U5666 = �4✓20

✓
2

3
LB + Ld

◆
= 2M56. (4.11)

Here, M56 < 0, T566 > 0, U5666 < 0

The longitudinal position of an electron beam after the chicane is

zf = z1 +�S. (4.12)

Also, the energy spread is generally [59, 60]

� = a�0 + h1z1 + h2z
2
1 + h3z

3
1 + · · · , (4.13)

where a is the damping factor, h1 is the 1st order energy chirp, h2 is the 2nd order energy

chirp, and h3 is the 3rd order energy chirp. The detail of the energy chirp is described
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in Sec. 6.1. By substituting Eq. (4.8) into Eq. (4.12), zf becomes

zf ⇠ z1 +M56� + T566�
2 + U5666�

3 + · · ·

⇠ z1 +M56(a�0 + h1z1 + h2z
2
1) + T566(a�0 + h1z1 + h2z

2
1)

2

+U5666(a�0 + h1z1 + h2z
2
1)

3 + · · ·

= M56a�0 + (1 +M56h1)z1 + (M56h2 + T566h
2
1)z

2
1 + · · · . (4.14)

When the electron beam is assumed to be a Gaussian distribution in the longitudinal

direction, the rms bunch length can be given by

�zf =
q
M

2
56a

2�2�0
+ (1 +M56h1)2�2z1 + (h2M56 + T566h

2
1)

2�2z1 + · · ·, (4.15)

For the full compression of the bunch length, the second and third terms in Eq. (4.15)

should be zero. Therefore, the conditions for the maximum bunch compression are

1 +M56h1 = 0 ) M56 = � 1

h1
, (4.16)

M56h2 + T566h
2
1 = 0 ) T566 = �h2

h
2
1

M56. (4.17)

Then, the minimum bunch length is given by

�zf ,min ⇠ a|M56|��0 . (4.18)

Using Eq. (4.15), the ratio C of the initial bunch length �zf to the final bunch length �z1

can be written as

C =
�zf

�z1
=

s

M
2
56a

2

✓
��0

�z1

◆2

+ (1 +M56h1)2 + (h2M56 + T566h
2
1)

2 + · · ·, (4.19)

If the initial energy spread and other higher order terms can be ignored, the linear

compression factor 1
C0

becomes

1

C0
=

1

|1 +M56h1|
. (4.20)

To realize the high compression ratio, the chirp h1 and the longitudinal dispersion M56

need to be chosen so that 1 +M56h1 = 0 (Eq. (4.16)).
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4.2 Maximum dispersion in the chicane

In a chicane, the dispersion between the second and the third dipole magnets is

maximum and has a constant value. The transfer matrix Mmid at the center between

the two dipole magnets can be written as

Mmid = Drift(
d2
2
) Dipole(⇢, ✓0) Drift(d1) Dipole(�⇢,�✓0) (4.21)

where d1 is the drift space between the first and the second dipole magnets, d2 is the

drift space between the second and the third dipole magnets. The transfer matrix Mmid

at the center of the chicane becomes

Mmid =

0

BBBBBBBBBB@

1 M12 0 0 0 M16

0 1 0 0 0 0

0 0 M33 M34 0 0

0 0 M43 M44 0 0

0 M52 0 0 1 M56

0 0 0 0 0 1

1

CCCCCCCCCCA

. (4.22)

M12 = d1 +
d2

2
+ 2⇢ sin ✓0, (4.23)

M16 = �2 tan
✓0

2
(d1 + ⇢ sin ✓0), (4.24)

M33 = cos 2✓0 �
(d1 + d2) sin 2✓0

2⇢
+

d1d2 sin2 ✓0
2⇢2

, (4.25)

M34 = d1 cos
2
✓0 + ⇢ sin 2✓0 +

d2 cos 2✓0
2

� d1d2 sin 2✓0
4⇢

, (4.26)

M43 =
sin ✓0 (�2⇢ cos ✓0 + d1 sin ✓0)

⇢2
, (4.27)

M44 = cos 2✓0 �
d1 sin 2✓0

2⇢
, (4.28)

M52 = M16, (4.29)

M56 = 4 tan2
✓0

2
(d1 + ⇢ sin ✓0)� 2⇢(✓0 � sin ✓0). (4.30)

The maximum dispersion ⌘max in the chicane is

⌘max = M16 = �2 tan
✓0

2
(d1 + ⇢ sin ✓0). (4.31)

Also, the transfer matrix Mchicane of the chicane is

Mchicane = Dipole(�⇢,�✓0) Drift(d1) Dipole(⇢, ✓0) Drift(
d2
2
) Mmid (4.32)
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=

0
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. (4.33)

M12 = 2d1 + d2 + 4⇢ sin ✓0,

M33 = M44 =
2d21⇢+ 4d1d2⇢ cos 2✓0 � 2⇢
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2
1 + 2d1d2 � 4⇢2

�
cos 4✓0

8⇢3
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2
1d2 sin 4✓0 � 8d1⇢2 sin 4✓0 � 4d2⇢2 sin 4✓0

8⇢3
,
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�

4⇢2
,
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�
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�

4⇢2
,

M56 = 8 tan2
✓0

2
(d1 + ⇢ sin ✓0)� 4⇢(✓0 � sin ✓0).

(4.34)

The dispersion at the exit of the chicane is ⌘ = 0 due toM16 = 0 in Eq. (4.33). Therefore,

the chicane composing of the rectangular magnets is an achromatic optics - the transverse

phase space varianles are independent of the energy. Since the drift space d1 is

d1 =
Ld

cos ✓0
, (4.35)

M56 can be written as

M56 ⇠ 2✓20(Ld + LB)�
2LB✓

2
0

3

= 2✓20

✓
Ld +

2

3
LB

◆
. (4.36)

The absolute value of Eq. (4.36) agrees with Eq. (4.9).

4.3 Coherent Synchrotron Radiation

When electron beams are bent with a magnet such as a dipole magnet, synchrotron

radiation (SR) is emitted [61, 62]. The radiation wavelength � which depends on the

beam energy is given by � ⇠ ⇢/�
3, where ⇢ is the bending radius of a dipole magnet.

Radiation emitted at wavelengths � larger than the bunch length �, is called the coherent

synchrotron radiation (CSR), whose intensity is enhanced [23, 24]. For �z ⌧ ⇢/�
3, the
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radiation is fully coherent. CSR moving with speed of light can catch up with the bunch

head after a distance s = (24⇢2�z)1/3, causes emittance growth of an electron beam and

an increase in energy spread of an electron beam. The energy change along a bunch

length with a Gaussian distribution due to the CSR wake field I0 per dipole magnet can

be written as [63]

dE

cdt
= � 2Nr0m0c

2

p
2⇡(3⇢2�4z)

1/3
I0

✓
z

�z

◆
, (4.37)

I0(x) =

Z �1

x

dx
0

(x� z0)

@

@x0
e
�x02/2

. (4.38)

where r0 is the classical electron radius, m0c
2 is the rest mass energy of an electron, and

N is the number of electrons. The characteristic of the CSR wake I0 is that the head of

the bunch gains energy while the tail loses energy [63]. Integrating Eq. (4.37) over the

whole bunch, the energy change �E and the rms energy spread are given by [64, 65]

h�Ei =

Z 1

�1
d(⇠)�(⇠)

dE(⇠)

cdt
⇠ �0.35

NreLB

�(⇢2�4z)
1/3

, (4.39)

�E =
2Nr0m0c

2
LBp

2⇡(3⇢2�4z)
1/3

p
hI0(x)2i � hI0(x)i2 ⇠ 0.23

NreLB

�(⇢2�4z)
1/3

, (4.40)

where LB is the dipole length. CSR is significant for a bunch with high charge, low

energy and a short bunch length, and when the bending radius is short.

CSR kick to an electron beam causes projected emittance growth but the slice emit-

tance does not change. From Eq. (2.23), the beam emittance kicked by CSR can be

computed as [66]

" =
p
hx2ihx02i � hxx0i2

=
q
h(x0 + ⌘�CSR)2ih(x00 + ⌘0�CSR)2i � h(x0 + ⌘�CSR)(x00 + ⌘0�CSR)i2

⇠ "0

s✓
1 +

H

"0
�
2
CSR

◆
, (4.41)

where

H =
⌘
2 + (�⌘0 + ↵⌘)2

�
(4.42)

Here, "0 is the emittance without the CSR e↵ect to the electron beam and �CSR is the

energy spread induced by CSR. Therefore, the projected emittance is increased due to

the CSR e↵ects. From Eq. (4.41) and (4.42), the projected emittance growth caused by

CSR can be minimized when the H function is small (which requires low dispersion),

and some CSR mitigation methods have been proposed in [65, 67].
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Energy spread and beam

emittance

Here, we introduce methods to obtain the energy spread of an electron beam and

a four-dimensional beam emittance. An electron beam traveling through a solenoid

coil and a tilted magnet has transverse (x � y planes) beam coupling. The projected

emittance (2D emittance) of an electron beam with thia coupling is larger than the

intrinsic beam emittance. To obtain a small beam emittance, the beam coupling should

be corrected. Also, the generation of a flat beam requires the removal of the x-y’ and

x’-y correlations from a magnetized beam. When a four-dimensional beam matrix is

identified, a four-dimensional beam emittance can be obtained from the square root of

the determinant of the beam matrix, and also the beam coupling can be corrected.

5.1 Method of energy spread measurement

The energy spread can be obtained by focusing beam at a location with dispersion.

The beam size at a screen monitor in the dispersive place is given by [42]:

� =
p
"� + (⌘��)2, (5.1)

where " is the beam emittance, � is the beta function, ⌘ is the dispersion, and �� is

the rms energy spread at the screen monitor. When the beta function is focused at the

screen monitor so that "� is smaller than (⌘��)2, the beam size at the screen monitor is

approximately written as

� ⇠ |⌘��| ) |��| =
�

|⌘| . (5.2)

26
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Therefore, the energy spread can be measured by minimizing the beam size (beta func-

tion) at a screen monitor in a dispersive place. Also, the dispersion ⌘ is decided by the

bending angle and the bending radius of the dipole magnet. In the FAST beamline, the

energy spread is measured with the YAG screen at X124 installed downstream of the

vertical dipole magnet, see Fig. 3.2.

5.2 Method of transverse emittance measurement

Assuming a straight section without dispersion (M16=0). The beam matrices �s0 ,�s1

at two locations s0, s1 are related as �s1 = M�s0M
T, where M is the transfer matrix

between s0 and s1. The transfer matrix M can be calculated from linear optics. As-

suming no linear tranverse coupling between the two locations, the observable second

moments at the two locations are related as

hx2is1 = M
2
11hx2is0 + 2M11M12hxx0is0 +M

2
12hx02is0 , (5.3)

hy2is1 = M
2
33hy2is0 + 2M33M34hyy0is0 +M

2
34hy02is0 , (5.4)

hxyis1 = M11M33hxyis0 +M12M33hx0yis0 +M11M34hxy0is0 +M12M34hx0y0is0 .(5.5)

These can be written symbolically as

~b = A · ~Z (5.6)

where ~b represents the measured moments at s1, A is a matrix with the elements shown

above and ~Z represents the unknown second moments at s0 which are to be found. Since

hx2i, hy2i, and hxyi can be measured with a beam screen monitor in one measurement,

we should measure them with more than three di↵erent beam optics configurations to

obtain a precise emittance. Using the �2-method, the 10 independent elements in ~Z at

s0 are reconstructed [68]:

�
2 =

nX

i=1

✓
observed value(i) � expected value(i)

standard deviation(i)

◆2

. (5.7)

The “expected value(i)” (the right-hand side of Eq. (5.3)⇠(5.5)) can be sought by min-

imizing �2. If we have n measurements of the 3 observable moments, we have the 3n

dimensional vector

~b =
h
hx2(1)i · · · hx

2
(n)i hy2(1)i · · · hy

2
(n)i hxy(1)i · · · hxy(n)i

iT
s1
, (5.8)
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The unknown moments at s0 are represented as the 10 dimensional vector

~Z =
⇥
hx20i hxx00i hx020 i hy20i hyy00i hy020 i hxy0i hx0y0i hxy00i hx0y00i

⇤T
s0
, (5.9)

(5.10)

The 3n⇥ 10 dimensional matrix A has as its nth block the 3 rows as
"

M
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11 2M
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(n)
12 M

2(n)
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0 0 0 M
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0 0 0 0 0 0 M
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#

(5.11)

Eq. (5.7) can be written as

�
2 =

3nX

i=1

2

4bi �
10X
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AijZj

3

5
2

(5.12)

To minimize (A · ~Z �~b)2, the partial derivatives of �2 should be zero.
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(5.13)

Therefore, AT
A~Z = A

T~b, and we have for the desired moments at s0, the solution

~Z = (AT
A)�1

A
T~b, (5.14)

where (AT
A)�1 = C is a symmetric 3n⇥ 3n covariance matrix. Since �4D(=Z) can be

found, the 4D emittance and twiss parameters at s0 can be computed with Eq. (2.26)

and Eq. (2.21).
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5.2.1 Error propagation

The error of any scalar function f(Z) is given by �2f = (rZf)TC(rZf), where C is the

covariance matrix [43]. Here, f and rZf are

f =

0
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Since the diagonal elements of �2f are �fi =
p
fii, we have

�f1 = ��x0
, �f2 = �↵x0

, �f3 = �✏2Dx0
, (5.16)

�f4 = ��y0
, �f5 = �↵y0

, �f6 = �✏2Dy0
. (5.17)



Chapter 6

Theory and simulations for THz

radiation with micro-bunched

beams

We generate THz radiation with micro-bunched electron beams produced using a

slit-mask placed within a magnetic chicane in the FAST photoinjector. Figure 6.1 shows

the FAST injector and the phase space along the beamline. Using the slit-mask in the

chicane, we create a longitudinally micro-bunched beam after the chicane by transversely

slicing an energy chirped electron bunch at a location with horizontal dispersion. We

describe the theory related to the micro-bunched beam structure, the beam optics,

the simulation results of the micro-bunched beam and the expected THz spectra using

coherent transition radiation (CTR) and a wiggler, as well as a method for observing

the micro-bunched beam on a transverse screen monitor.

Figure 6.1: Phase space along the beamline.

30
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6.1 Theory of an energy-chirped beam

An energy chirp represents a correlation between bunch length z and energy spread

�, which is defined by h = @�/@z|z=0. An energy chirped beam can be produced by

accelerating an electron beam on an o↵-crest RF phase in a cavity ((b) in Fig. 6.1) and

is required for beam lengthening and shortening longitudinally in a magnetic chicane

[60, 69–71].

When an electron beam with an energy E0 and an energy spread �0 is accelerated in

the cavity CC1, the electron beam energy E1 can be written by [59, 60]

E1 = E0(1 + �0) + eV1 cos(kz + �1), (6.1)

where �1, eV1, and k are the accelerating phase, the accelerating gain, and the RF wave

number in the CC1 cavity, respectively, and z is the longitudinal position of a particle.

The reference particles are at the longitudinal center (z = 0). We choose the wave

number k and the rms bunch length �z so that k�z < �1. Then, cos(kz + �1) is

cos(kz + �1) ⇠ cos�1 � (sin�1)kz �
1

2
(cos�1)(kz)

2 +
1

6
sin�1(kz)

3 + · · · . (6.2)

Substituting Eq. (6.2) into Eq. (6.1), the beam energy E1 after the CC1 is

E1 = E1c + E0�0 � eV1(kz) sin�1 �
eV1(kz)2

2
cos�1 +

eV1(kz)3

6
sin�1 + · · · . (6.3)

E1c = E0 + eV1 cos�1. (6.4)

An energy spread of an electron beam after going through CC1 is given by

�1 =
E1 � E1c

E1c

=

✓
E0

Ec1

◆
�0 �

eV1k sin�1
E1c

z � eV1k
2 cos�1
2E1c

z
2 +

eV1k
3 sin�1

6E1c
z
3 + · · · . (6.5)

We can obtain each energy chirp by comparing Eq. (6.5) with Eq. (4.13),

a =
E0

E1c
, (6.6)

h1 = �eV1k sin�1
E1c

, (6.7)

h2 = �eV1k
2 cos�1
2E1c

, (6.8)

h3 = �eV1k
3 sin�1

6E1c
. (6.9)
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When the electron beam after passing through CC1 is accelerated in the next cavity

CC2, the electron beam energy E2 is

E2 = E1c(1 + �1) + eV2 cos(kz + �2)

⇠ E1c + E0�0 � eV1(kz) sin�1 �
eV1(kz)2 cos�1

2
+

eV1(kz)3 sin�1
6

+ eV2 cos�2 � (eV2(kz) sin�2)�
eV2(kz)2 cos�2

2
+

eV2(kz)3 sin�2
6

+ · · ·

= E2c + E0�0 + (�eV1k sin�1 � eV2k sin�2)z

+
(�eV1k

2 cos�1 � eV2k
2 cos�2)

2
z
2

+
(�eV1k

3 sin�1 � eV2k
3 sin�2)

2
z
3 + · · · , (6.10)

where E2c = E1c + eV2 cos�2, and we used Eq. (6.2) and (6.5). Therefore, the energy

spread �2 of the electron beam after CC2 is

�2 =
E2 � E2c

E2c

⇠ (
E0

E2c
)�0 �

eV1k sin�1 � eV2k sin�2
E2c

z

+
�eV1k

2 cos�1 � eV2k
2 cos�2

2E2c
z
2

+
�eV1k

3 sin�1 � eV2k
3 sin�2

6E2c
z
3 + · · · (6.11)

From Eq. (4.13), each energy chirp of an electron beam after CC2 is

a =
E0

E2c
, (6.12)

h1 = �eV1k sin�1 + eV2k sin�2
E2c

, (6.13)

h2 = �eV1k
2 cos�1 + eV2k

2 cos�2
2E2c

, (6.14)

h3 = �eV1k
3 sin�1 + eV2k

3 sin�2
6E2c

, (6.15)

where E2c = E0 + eV1 cos�1 + eV2 cos�2.

The energy chirp can be produced by accelerating with an o↵-crest phase in either one

or both cavities. Since o↵-crest acceleration lowers the beam energy, the two accelerating

voltages are changed to keep the final energy fixed at ⇠35 MeV which is the value for

�1=�2=±35� at the peak voltage gradients shown in Table 3.1. The constant beam

energy simplifies operation by requiring no tuning of the dipole strengths in the chicane

for each choice of RF phases. The energy chirps calculated with Eq. (6.13)-(6.15) are
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Table 6.1: The final energy chirps for di↵erent RF phase in CC1 and CC2. h1, h2,
and h3 are the 1st, 2nd, 3rd order energy chirps, respectively.

RF phase Energy chirp
(�1, �2) [deg.] h1 [m�1] h2 [m�2] h3 [m�3]
(+35 , -35) -16 -223 -2025
(0 , +35) -9 -124 -1125
(+35 , 0) -7 99 -900
(-35 , 0) 7 99 900
(0 , -35) 9 124 1125
(-35 , -35) 16 223 2025

summarized in Table 6.1. Also, from Eq. (4.13), the rms energy spread is given by

��=a��0+h1�z+h2�
2
z+h3�

3
z+· · · , so the influence of the higher energy chirps (h2, h3,

...) on the energy spread is likely to be negligible for the nominal bunch length of ⇠3

ps.

6.2 Theory of a micro-bunched beam

The energy-chirped beam from the two cavities is sent to the chicane where the

horizontal dispersion has negative values ((a), (b), (c) in Fig. 6.1). Electrons in the

chicane are separated horizontally with higher energy (lower energy) electrons passing

through the inside (outside) of the ideal orbit. The slit-mask in the middle of the chicane

splits the beam horizontally into sections ((d) in Fig. 6.1). Beam transmission through

the slit-mask is expected to be around 5% from the ratio of the slit width W to the slit

spacing D. The particles passing through a slit opening are fully transmitted since the

beam divergence at the slit-mask (= 0.7 mrad) is much smaller than the opening angle

W/t = 0.1 rad where t is the thickness of the slit, while the particles passing through the

tungsten are scattered at large angles and lost downstream of the mask. We confirmed

this transmission with Geant4 simulations [72] and show the simulation results later

in Fig. 7.10 in Sec. 7.4.

In the bunch lengthening mode of operation, higher energy electrons after the chi-

cane are at the bunch head while the lower energy electrons are at the bunch tail. The

horizontally separated bunch after the slit-mask is transformed into a longitudinally sep-

arated beam (or into micro-bunches) after the chicane ((e) in Fig. 6.1). The lengthening

increases the longitudinal separation between the micro-bunches.

The longitudinal width and spacing of the micro-bunches can be found using the

transfer matrix. From Eq. (4.22) in Sec. 4.2, the 4⇥4 transfer matrix with phase space

variables (x, x0, z, �) of the dogleg (from the entrance of the chicane to the slit-mask in
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the middle of the chicane) is

0
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x

x
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s

=

0

BBBBB@

1 M12 0 M16

0 1 0 0

0 M52 1 M56

0 0 0 1

1

CCCCCA

0

BBBBB@

x

x
0

z

�

1

CCCCCA

1

. (6.16)

The matrix elements are written in Eq. (4.23) - (4.30). The horizontal position of a

particle at the slit-mask is given by xs = xc + M16�1, where xc = x1 + M12x
0
1, and

where (x1, x01) are the horizontal coordinates of the particle at the chicane’s entrance.

The energy deviation (constant through the chicane) is �1(= �s) = �0 + hz1, where �0

is the deviation due to the uncorrelated energy spread, h is the energy chirp, and z1

is the longitudinal coordinate of the particle at the chicane entrance. In terms of the

transverse positions and �0, this can be written as

z1 =
(xs � xc)

hM16
� �0

h
. (6.17)

The transfer matrix MC for the complete chicane can be similarly written down. For

our purposes, the non-zero elements of interest in the (x, x0, z, �) planes are

MC11 = 1, MC12 = 2M12, MC22 = 1,

MC55 = 1, MC56 = 2M56, MC66 = 1, (6.18)

whereM12,M56 are given by the expressions in Eq. (4.23) and (4.30). The other non-zero

elements (MC33,MC34,MC43,MC44) are not needed here and are omitted.

The longitudinal coordinate z2 after the chicane is

z2 = z1 +MC56�1 =
(1 + hMC56)

hM16
(xs � xc)�

�0

h
. (6.19)

Since the full slit width W is smaller than the rms beam size, we can assume that the

beam distribution in the slits is uniform.

hx2si =
W

2

12
, hx2ci = "�S , h�20i = �

2
�,U , (6.20)

where " is the un-normalized horizontal emittance, �S is the beta function at the slits,

and ��,U is the uncorrelated rms relative energy spread in the chicane. We obtain the

rms length of a micro-bunch �z2,MB as

�
2
z,MB =


(1 + hMC56)

h⌘

�2
⇥
⇢
W

2

12
+ "�S

�
+
�
2
�,U

h2
, (6.21)
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where ⌘ = M16 = �2 tan(✓0/2)(d1+⇢ sin ✓0) is the dispersion at the slits. In most cases,

the contribution of the betatron size dominates, so that we have approximately

�z,MB ⇡ |(1 + hMC56)|
|⌘h|

p
�S". (6.22)

Eq. (6.21) shows that "�S and ��,U should be small to minimize the length of each micro-

bunch and therefore create larger longitudinal separations between the micro-bunches.

Denoting the horizontal position at the ith slit by x
i
s, we have on average hxis�x

i�1
s i =

D where D is the slit spacing, while hxIC � x
I�1
C i = 0. Hence the average longitudinal

separation h�zi after the chicane between particles which pass through neighboring slits

is

|h�zi| = |h(zi2 � z
i�1
2 )i| = D

|h⌘|(|1 + hMC56|). (6.23)

Here we have dropped the completely negligible di↵erences in energy between particles

at neighboring slits. The micro-bunched beam’s widths and spacings computed for each

energy chip are summarized in Table 6.3 in Section 6.4.

6.2.1 Frequency dependence on energy chirp

THz radiation can be generated by allowing the micro-bunched beam to traverse an

Al foil. The fundamental frequency f0 is determined by the separation between the

micro-bunches for a comb structure beam and is given by

f0 =
c

|h�zi| =
c|h⌘|

D|1 + hMC56|
. (6.24)

This equation is valid as long as the separation satisfies |h�zi| � MC56��,U which is

generally true, except in the vicinity of the maximum compression where h�zi ! 0.

Figure 6.2 shows the fundamental frequency as a function of the energy chirp. The fun-

damental frequency can be changed by varying the energy chirp. From Fig. 6.2, the

fundamental frequencies are about 0.3 THz, 0.33 THz, and 0.38 THz at h=-7, -9, and

-16 m�1, respectively, and 1.82 THz, 1.27 THz, and 0.77 THz at h=7, 9, and 16 m�1,

respectively. The fundamental frequency is zero when there is no chirp at h = 0m�1 and

goes to large values close to the maximum compression as h ! 1/(MC56) ⇠ 5.6m�1.

While positive h values lead to larger fundamental frequencies, they also compress the

entire bunch structure and lead to overlap between micro-bunches, and the frequency

spectra are broadband rather than narrow-band. Figure 6.2 also shows that the funda-

mental frequency changes slowly beyond |h| ⇡ 20 m�1, so there is no advantage in going

beyond these chirp values. Micro-bunch widths, spacing, and fundamental frequencies

computed for each energy chirp are summarized in Table 6.2.
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Figure 6.2: Fundamental frequency depending on energy chirps. The fundamental
frequency becomes large near the maximum compression at h = 5.6 m�1.

Table 6.2: Micro-bunch widths, spacing, and fundamental frequencies calculated ana-
lytically with Eq. (6.21), (6.23), and (6.24), respectively. �i,rf = 0� implies
on-crest RF phase.

RF phase Energy chirp Width Spacing Fundamental freq.
�1,rf , �2,rf [deg.] [m�1] [mm] [mm] [THz]

(+35 , +35) -16 0.09 0.72 0.42
(0 , +35) -9 0.11 0.87 0.35
(+35 , 0) -7 0.12 0.95 0.32
(-35 , 0) 7 0.02 0.11 2.73
(0 , -35) 9 0.03 0.19 1.54
(-35 , -35) 16 0.04 0.34 0.87

6.2.2 Observing micro-bunching in the transverse plane

A skew quadrupole magnet installed in the chicane can be used to confirm that a micro-

bunched beam is produced prior to detecting the radiation. When the skew quadrupole

is turned on in the chicane where the horizontal dispersion is non-zero, the vertical

dispersion is generated downstream of the skew quadrupole via beam coupling. Due

to the vertical dispersion after the chicane, the information on the beam separation in

the horizontal plane (energy-plane) at the skew quadrupole is transferred to the vertical

plane [73]. Using a Yttrium Aluminum Garnet (YAG) scintillating screen downstream

of the chicane, we can observe the electron beam separation in the vertical plane. The

vertical spacing can be found through the transfer matrix from the skew quadrupole in

the chicane to the monitor downstream of the chicane. The phase space vectors at the



Chapter 6 Theory and simulations for THz radiation with micro-bunched beams 37

monitor and slit location are related via
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. (6.25)

The non-zero components of the matrix RM are

RM11 = 1, RM12 = M12 + dM , RM16 = �R16, RM22 = 1, (6.26)

RM33 = cos 2✓ � d1

2⇢
sin 2✓ +

dM

⇢2
(d1 sin

2
✓ � ⇢ sin 2✓), (6.27)

RM34 = M34 + dMM33, (6.28)

RM43 = M43, RM44 = cos 2✓ +
1

2⇢2
[d1d2 sin

2
✓ � (d1 + d2)⇢ sin 2✓], (6.29)

RM52 = �M52, RM55 = 1, RM56 = M56 +
dM

�2
, RM66 = 1, (6.30)

where kS is the inverse focal length of the skew quadrupole, dM is the distance from the

end of the chicane to the monitor, and the matrix elements Mij are those in Eq. (4.23)-

Eq. (4.30). The vertical position yM at the monitor after the chicane is

yM = �kSRM34xs +RM33ys +RM34y
0
s = y2,kS=0 � kSRM34xs. (6.31)

y2,kS=0 = RM33ys +RM34y
0
s.

Taking the e↵ect of the slit-mask into account, the average vertical spacing is

h�yi = h(yiMkS=0
� y

i�1
MkS=0

)� kSRM34(x
i
s � x

i�1
s )i

) |h�yi| = |kS |D RM34, (6.32)

where D is the horizontal spacing of the slits and we used h(yiM,kS=0 � y
i�1
M,kS=0)i = 0.

The vertical average spacing is proportional to the strength of the skew quadrupole,

increases with the distance dM to the monitor but is independent of the chirp. The

electron beam should be focused vertically at the monitor to observe clearly separated

slit images because the separation, determined by the second term in Eq. (6.31), should

be larger than the first term of this equation which is determined by the betatron beam

size.

The slope of the vertical separation with skew quadrupole strength can be used to infer

the longitudinal separation that would be produced in the absence of this quadrupole
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via

|h�zi| =

|1 + hMC56|

|h⌘|

�✓
|h�yi|

|kS |RM34

◆
, (6.33)

where the terms in square brackets depend on the energy chirp and the chicane while

those in parentheses depend on the observations at the transverse screen monitor.

6.3 Beam optics for the micro-bunched beam production

In this section, we show the beam optics to produce a micro-bunched beam. The

beam optics and particle tracking from the entrance of CC1 to the beam dump were

simulated using “Elegant” [74]. As initial parameters before CC1, we used the beam

parameters shown in Table 3.1 while the initial Twiss functions were �x = �y = 4.89 m,

and ↵x = ↵y = 0. These beta functions are chosen so that the electron beam sizes at the

entrance of CC1 are 1 mm in each plane. The electron beam is assumed to be Gaussian

distribution in transverse and longitudinal directions. The accelerating voltages in CC1

and CC2 are tuned so that the electron beam energy stays constant at ⇠35 MeV.

Clear separations of the micro-bunches after the chicane require the total width of a

micro-bunch to be smaller than the micro-bunch spacing h�zi. We set 8�z,MB ⇠ h�zi
by controlling �x at the slit-mask. Figure 6.3 shows the relation between total widths

(8�z) of micro-bunched beams and betatron beam size
p
✏x�x,S for di↵erent energy

chirps calculated with Eq. (6.22) and (6.23). Here, MC56=-0.18 m, ⌘=0.32 m, and

normalized emittance ✏x=2 µm were used. Dots and lines represent widths and spacings

of micro-bunched beams, respectively. From Fig. 6.3, we chose �x,S = 0.5 m at the slits

so that the betatron beam size
p
✏x�x,S = 0.12 mm at the intersection of 8�z and h�zi

for energy chirps except for those close to h = +5.6 m�1 at the maximum compression

where h�zi = 0. When the energy chirps are h = +7, +9m�1, h�zi is still quite small.

Therefore, correspondingly small values of ✏x�x and uncorrelated energy spread ��,U are

required to obtain a clearly separated longitudinal distribution after the chicane.

Figure 6.4 shows the beam optics from CC1 to the beam dump at h = �7 m�1 with a

chirp only in CC1. The beam optics for di↵erent energy chirps shows similar behavior.

The horizontal beta function for all cases is focused to about 0.5 m at the slit-mask.

We also focused the vertical beam size at the screen monitor X120 downstream of the

chicane to be as small as possible for clear separations of the vertical slit images when

the skew quadrupole is turned on.
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Figure 6.3: Spacing (8�z) and width (�z) of micro-bunched beams as a function
of

p
�x✏x at the slit-mask for di↵erent energy chirps. Dots and lines

represent width and spacing of micro-bunched beams, respectively.

Figure 6.4: Beta and dispersion functions at h = �7 m�1 for CC1 chirp. Blue and
red lines show horizontal and vertical planes respectively. Light blue,
green, magenta boxes show the accelerating structures, (normal and skew)
quadrupole magnets, and dipole magnet of the chicane, respectively. An
orange and a blue boxes show the slit-mask and the vertical dipole mag-
net, respectively. The light blue and the black arrows represent the screen
monitors at X120 and X121, respectively.
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6.4 Simulations of micro-bunched beam production with

Elegant

We performed particle tracking with Elegant including e↵ects of the slit-mask,

magnet nonlinearities, longitudinal space charge e↵ects, and coherent synchrotron ra-

diation (CSR) in the chicane. First, we simulated the longitudinal phase space and

bunching factor without the slit-mask at X121 at the maximum compression (h⇠5.6

m�1), and the results are shown in Figure 6.5. The bunching factor is calculated with

B(!) = 1
N

q
(
PN

i=1 cos!ti)
2 + (

PN
i=1 sin!ti)

2 [74]. The bunch length of 1 mm is lon-

gitudinally compressed to 0.11 mm (0.36 ps) after passing through the chicane. Fig-

ure 6.6 and 6.7 show the longitudinal phase spaces and the longitudinal distributions at

h = ±7m�1 (CC1 chirp), h = ±9m�1 (CC2 chirp), and h = ±16m�1 (CC1&2 chirps)

at X121. Table 6.3 shows the width, micro-bunch spacing, and fundamental frequency

obtained both by particle tracking and analytical calculations with Eq. (6.21), (6.22),

and (6.23). The longitudinal distributions at h =-7, -9, and ±16m�1 are separated

clearly but not at h =7 and 9 m�1. Moreover, the spacing and width of micro-bunches

at h =-7, -9, and ±16m�1 obtained by particle tracking agree with those computed with

Eq. (6.21) and (6.22). For the two cases of h =7 and 9 m�1 (over-compressed modes),

the overlaps between micro-bunches are caused by the small separation h�zi. Then, the
width of micro-bunches is di�cult to estimate from particle tracking correctly due to

the large overlap.

Figure 6.8 shows the bunching factors obtained from FFTs of the longitudinal distri-

butions for di↵erent energy chirps: h=±7, ±9, and ±16 m�1. At h =-7, -9, and ±16

m�1, narrow band frequency spectra are obtained due to well separated micro-bunches

(see Fig. 6.7). We show the fundamental frequencies obtained by particle tracking and

analytical calculations in Figure 6.9. The fundamental frequencies at the first peak ob-

tained by particle tracking including longitudinal space charge e↵ects are consistent with

the results from Eq. (6.23). On the other hand, at h =7 and 9 m�1 where the micro-

bunches overlap, the two frequency spectra have broad peaks, and there are di↵erences

in the fundamental frequencies between the simulations and the analytical results. The

maximum frequencies, defined by the last clearly visible peak, are about 1.2 THz, 1.7

THz, and 2.2 THz at h =-7, -9, and -16 m�1, respectively, and 3.2 THz, 3.7 THz, and

4.6 THz at h =7, 9, and 16 m�1, respectively. Of course, the observed CTR spectra

will be di↵erent from those shown in Fig. 6.8 with suppression at low frequencies from

the finite size of the target, and at high frequencies due to the vacuum windows and the

observed spectra will also depend on the detector’s bandwidth.
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Figure 6.5: Longitudinal phase space and bunching factor at X121 at the maximum
compression (h⇠5.6 m�1).

Figure 6.6: Longitudinal phase spaces for each energy chirp at X121. Left and right
plots represent the bunch lengthening and shortening modes, respectively.



Chapter 6 Theory and simulations for THz radiation with micro-bunched beams 42

Entries  49173

Mean  08−1.755e− 

Std Dev     2.445

Integral  4.917e+04

10− 8− 6− 4− 2− 0 2 4 6 8 10
z [mm]

1

10

210

310

410

N
u

m
b

e
r 

o
f 

e
le

c
tr

o
n

s
 [

a
rb

. 
u

n
it
s
]

Entries  49173

Mean  08−1.755e− 

Std Dev     2.445

Integral  4.917e+04

CC1 chirp (h=-7)

CC1 chirp (h=7)

 

Entries  48820

Mean  09− 8.993e

Std Dev     2.662

Integral  4.882e+04

10− 8− 6− 4− 2− 0 2 4 6 8 10
z [mm]

1

10

210

310

410

N
u

m
b

e
r 

o
f 

e
le

c
tr

o
n

s
 [

a
rb

. 
u

n
it
s
]

Entries  48820

Mean  09− 8.993e

Std Dev     2.662

Integral  4.882e+04

CC2 chirp (h=-9)

CC2 chirp (h=9)

 

Entries  41343

Mean  09− 9.744e

Std Dev      2.97

Integral  4.134e+04

10− 8− 6− 4− 2− 0 2 4 6 8 10
z [mm]

1

10

210

310

N
u

m
b

e
r 

o
f 

e
le

c
tr

o
n

s
 [

a
rb

. 
u

n
it
s
]

Entries  41343

Mean  09− 9.744e

Std Dev      2.97

Integral  4.134e+04

CC1&2 chirp (h=-16)

CC1&2 chirp (h=16)

 

Figure 6.7: Longitudinal distributions at CC1 chip (h = ±7m�1), CC2 chirp (h =
±9m�1), and CC1&CC2 chips (h = ±16m�1). Red lines are the bunch
lengthening mode, and blue lines are the over compressed mode.



Chapter 6 Theory and simulations for THz radiation with micro-bunched beams 43

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency [THz]

4−10

3−10

2−10

1−10

1

B
u

n
c
h

in
g

 f
a

c
to

r

CC1 chirp (h=-7)

CC1 chirp (h=7)

Max.compression (h~5.6)

Graph

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency [THz]

4−10

3−10

2−10

1−10

1

B
u

n
c
h

in
g

 f
a

c
to

r

CC2 chirp (h=-9)

CC2 chirp (h=9)

Max.compression (h~5.6)

Graph

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Frequency [THz]

4−10

3−10

2−10

1−10

1

B
u

n
c
h

in
g

 f
a

c
to

r

CC1&2 chirps (h=-16)

CC1&2 chirps (h=16)

Max.compression (h~5.6)

Graph

Figure 6.8: Frequency spectra for CC1 chip (h = ±7m�1), CC2 chirp (h = ±9m�1),
CC1&CC2 chips (h = ±16m�1), and the longitudinal maximum com-
pression (h ⇠ 5.6m�1). Red lines are the lengthening mode, blue lines
are the over-compressed mode, and green lines are the max-compressed
mode.
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Table 6.3: Micro-bunch widths, spacing, and fundamental frequencies for each energy
chirp. �i,rf = 0� implies on-crest RF phase. Values in parentheses show
the results with longitudinal space charge (LSC), and calculated analyt-
ically with Eq. (6.21), (6.23), and (6.24), respectively. The initial bunch
charge was 200 pC.

RF phase Energy chirp Width Spacing Fundamental freq.
�1,rf , �2,rf [deg.] [m�1] [mm] [mm] [THz]

(+35 , +35) -16 (0.09, 0.09) (0.78, 0.72) (0.39, 0.42)
(0 , +35) -9 (0.12, 0.11) (0.92, 0.87) (0.33, 0.35)
(+35 , 0) -7 (0.13, 0.12) (1.01, 0.95) (0.30, 0.32)
(-35 , 0) 7 (0.04, 0.02) (0.13, 0.11) (2.33, 2.73)
(0 , -35) 9 (0.06, 0.03) (0.22, 0.19) (1.37, 1.54)
(-35 , -35) 16 (0.04, 0.04) (0.39, 0.34) (0.76, 0.87)
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Figure 6.9: Fundamental frequency as a function of energy chirp.

6.5 Simulations of micro-bunched beam observation with

Elegant

As discussed in Section 6.2.2, a skew quadrupole in the chicane generates vertical

dispersion given by ⌘y = �kSRM34⌘x where ⌘x is the horizontal dispersion at the skew

quadrupole. As a result, the micro-bunches are vertically separated after the chicane.

Figure 6.10 shows the transverse distributions for kS=-0.65 m�1 at X120 (left) and X121

(right) for h=-7m�1. The distribution is tilted to the right to the beam coupling. The

transverse distributions are similar, and the vertical spacings are the same for other chirp

values, as predicted by Eq. (6.32). Figure 6.11 shows the vertical spacing of the electron

beam depending on the strength of the skew quadrupole from particle tracking and

from Eq. (6.32). The vertical spacing computed with Eq. (6.32) is consistent with that
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from particle tracking. Also, the vertical spacing is proportional to the skew quadrupole

strength as shown by this equation.

The micro-bunched beam at X121 in Fig. 6.10 is not symmetric with respect to y = 0

plane and has the di↵erent horizontal beam sizes in -y and +y directions. This means

that the horizontal focusing strength is di↵erent in the bunch head and tail. The beam

optics has the smallest horizontal beta function and a small vertical beta function at

X121 by coincidence due to the vertical beam focus at X120, therefore, the electron

beam is a↵ected by the chromatic aberration. Since an electron beam with an energy

chirp has a larger (and correlated) energy spread compared with a non-chirped beam,

the chirped beam is sensitive to the chromatic aberration.

Figure 6.10: The transverse distributions at h=-7 m�1 at X120 and X121 when the
KS-value of the skew quadrupole is set equal to -5 m�2. KS = kS/LQ

where LQ = 0.13 m is the length of the skew quadrupole.
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Figure 6.11: Vertical spacing as a function of KS-values of the skew quadrupole.
Dots and lines represent the results obtained by particle tracking and
analytical calculation, respectively.
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6.6 Simulations of micro-bunched beam production with

flat beams

In Sec. 6.2, we showed that
p
"x�x at the slit-mask should be minimized to create a

clearly separated micro-bunched beam longitudinally. Here, we consider that the use of

flat beams ("x ⌧ "y) [75, 76] and perform simulations to create flat beams with energy

chirps. Also, we simulate bunching factors of the micro-bunched beams of flat beams

after the chicane with Astra and Elegant.

6.6.1 Canonical angular momentum beam

When an axial magnetic field on a photocathode is Bz(z) 6= 0, an electron beam

produced at the photocathode has angular momentum and is said to be magnetized

[37]. A beam envelope equation including space charge, beam emittance, and the angular

momentum is given by [37]

�
00 � K

4�
� "

2
u

�3
� L2

�3
= 0, (6.34)

where K in the second term which represents the space charge e↵ect is the perveance

defined asK = 2I/I0�3, where I is the absolute instantaneous beam current and I0 is the

Alfven current for electrons (⇠17 kA), "u is the beam emittance, L = hLi/2pz, where pz
and hLi are the longitudinal momentum and the canonical angular momentum (CAM),

respectively. The fourth term in Eq. (6.34) shows the canonical angular momentum

and has the same e↵ect as the beam emittance. Therefore, to generate a minimized

emittance, the canonical angular momentum hLi needs to be zero or the fourth term

should be smaller than the second and third terms.

A CAM dominated beam, means that the fourth term in Eq. (6.34) larger than the

other terms, can be generated by immersing a photocathode in an axial magnetic field

Bz(z = 0). Then the average CAM hLi can be written as

hLi = eBz�
2
c , (6.35)

where �c is the rms beam size on the photocathode and Bz means Bz(z = 0). An electron

beam with a large average CAM requires a large magnetic field on the photocathode.

As mentioned in Sec. 3.1, the bucking solenoid and main solenoid coils are installed in

the FAST photoinjector, and Bz(z = 0)>0.2 T can be achieved on the cathode by a

combination of the two solenoid coils.
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6.6.2 Flat beam

An electron beam passing through a solenoid coil with Bz(z = 0) � 0 has angular

momentum, and then the 4⇥4 beam matrix ⌃0 and the four-dimensional beam emittance

"m are given by [77]

⌃0 ⇠

0

BBBBB@

hx20i hx0x00i 0 L
hx0x00i hx020 i �L 0

0 �L hx20i hx0x00i
L 0 hx0x00i hx020 i

1

CCCCCA
, (6.36)

"m =
p
|⌃0| =

�
hx20ihx020 i � hx0x00i2

�
� L2

= "
2
1 � L2

, (6.37)

where "1 is the projected emittance, and hxyi=0 and a round beam are assumed. Here,

we consider a transport line with a transfer matrix M to remove the CAM from the

electron beam. The beam matrix ⌃1 after the transport line is obtained from ⌃1 =

M⌃0M
T . When the appropriate transfer matrix M is chosen to remove the CAM, the

4⇥4 sigma matrix ⌃1 and the four-dimensional emittance "f become [77]

⌃1 ⇠

0

BBBBB@

hx21i hx1x01i 0 0

hx1x01i hx021 i 0 0

0 0 hy21i hy1y01i
0 0 hy1y01i hy021 i

1

CCCCCA
, (6.38)

"f =
p
⌃1 =

�
hx21ihx021 i � hx1x01i

� �
hy21ihy021 i � hy1y01i

�

= "+"�. (6.39)

This transport keeps the four dimensional emittances cosntant. Therefore, equating

Eq. (6.37) and (6.39)

"+"� = "
2
1 � L2

. (6.40)

From [78], there is a relationship on the trace invariant I(⌃0) = �1
2Tr(J4⌃0J4⌃0), where

J4 is the four-dimensional symplectic matrix. Thus, we have

Tr(J4⌃0J4⌃0) = Tr(J4⌃1J4⌃1),

) "
2
+ + "

2
� = 2("21 + L2). (6.41)
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From Eq. (6.38) and (6.41), we have

"± = "1 ± L. (6.42)

The two beam emittances "+, "� are obtained, and for L=0, the two beam emittances

are consistent with the projected emittance "1.

An electron beam emitted at a photocathode immersed in an axial magnetic field has

angular momentum, and the 4⇥4 beam matrix ⌃0 on the photocathode is given by [77]

⌃0 ⇠

0

BBBBB@

�
2
0 0 0 L
0 �

02
0 + kL �L 0

0 �L �
2
0 0

L 0 0 �
02
0 + kL

1

CCCCCA
, (6.43)

where k = eBz/2pz and we assume hxyi = hx0yi = hxy0i = hxx0i = hy0y0i = 0. Then,

the projected emittance "1 is

"1 =
q
�
2
0�

02
0 + �

2
0kL =

q
"
2
th + L2, (6.44)

where "th = �0�
0
0 represents the beam emittance at the photocathode. Therefore, the

two beam emittances from Eq. (6.42) are

"± =
q
"
2
th + L2 ± L. (6.45)

For a CAM dominated beam L � "u,

"+ ' 2L, "� ' "
2
u

2L . (6.46)

6.6.3 Removing an angular momentum

The generation of a flat beam requires the removal of the canonical angular momentum

from an electron beam, and it is known that the CAM can be removed using skew

quadrupole magnets [78, 79]. In the FAST beamline, three skew quadrupole magnets to

convert a magnetized beam into a flat beam have been installed between CC2 and the

chicane (see Fig. (3.2)), and we can produce a flat beam with them. The K-values of the



Chapter 6 Theory and simulations for THz radiation with micro-bunched beams 49

three skew quadruple magnets can be approximately calculated by [78, 79]

q1 = ±
r

�d2s11 + s12 � d2dT s21 + dT s22

d2dT s12
(6.47)

q2 = � s12 + dT s22

d2d3(1 + q1s12)
(6.48)

q3 = � q1 + q2 + d2q1q2s11 + s21

1 + (dT q1 + d3q2)s11 + d2d3q2(q1 + s21)
(6.49)

where d2 and d3 are the distances between the first and the second, the second and the

third skew quadrupole magnets, respectively, dT = d2 + d3, and sij shows each element

of the 2⇥2 matrix s consisting of Twiss parameters at the first skew quadrupole magnet

[78, 79],

s =

 
↵ �

�1+↵2

� �↵

!
. (6.50)

6.6.4 Generating flat beams

We performed simulations to generate a flat beam with Astra and Elegant from

the photocathode to the beam dump. First we made a magnetized electron beam at the

photocathode and did the particle tracking to the first skew quadrupole magnet for each

energy chirp using Astra, then we created flat beams by removing the CAM from the

magnetized beams using three skew quadrupole magnets with Elegant.

We set the axial magnetic field at the photocathode to Bz(z = 0)=0.113-0.118 T

[51, 53] and the beam size at the photocathode to �c=0.1 mm. Then, the L at the

entrance of the skew quadrupole magnet can be calculated as

L =
eB0�

2
c

2pz
= 3.73⇥ 10�7m. (6.51)

Using elegant, we removed the CAM from the magnetized beam and created flat

beams for h=-7, h=-10, and h=-17. The obtained emittances and ratios are "+ =

(2.4� 2.9)⇥ 10�7m, "� = 4.5⇥ 10�5m, "�/"+ =181� 155, respectively, and are shown

in Table 6.4. Moreover, K-values of three skew quadrupole magnets simulated with

Elegant and calculated with Eq. (6.47)-(6.49) are summarized in Table 6.5. The K-

values simulated by particle tracking are almost consistent with those calculated with

the analytical equations.
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Table 6.4: Normalized beam emittances and emittance ratios for h=-7, -10, -17 sim-
ulated with Astra and Elegant.

Energy chirp [m�1] Nor. emittance ("+, "�) [m·rad] emittance ratio

-7 (2.4⇥10�7, 4.5⇥10�5) 187
-10 (2.5⇥10�7, 4.5⇥10�5) 181
-17 (2.9⇥10�7, 4.5⇥10�5) 155

Table 6.5: K-values of skew quadrupole magnets (Q106, Q107, Q111) for h=-7, -10,
-17 simulated with Elegant and calculated with Eq. (6.47-6.49). Values
in parentheses show the K-values estimated with the analytical equations.

Energy chirp [m�1] Q106 [m�2] Q107 [m�2] Q111 [m�2]

-7 16.1 (15.3) -13.6 (-12.8) 2.4 (2.7)
-10 8.8 (8.7) -7.1 (-6.8) 2.2 (2.2)
-17 16.8 (15.9) -14.4 (-13.4) 2.6 (3.0)

We also estimated the two beam emittances ("+, "�) and the emittance ratio using

Eq. (6.46) and obtained

"+ = 1.7⇥ 10�7m, "� = 4.5⇥ 10�5m, (6.52)

"�
"+

⇠ 239. (6.53)

Here, we used the Kim’s model [80] to compute the emittance "th [81, 82],

"th <
1

��

q
"
2
thermal + "

2
rf + "

2
space charge ⇠ 4.8⇥ 10�8m ·mrad, (6.54)

"thermal = �c

r
2Ekin

3m0c
2
= 0.677mm ·mrad,

"rf =
↵k

3
�
2
x�

2
zp

2
⇠ 0.01mm ·mrad,

"space charge =
⇡

4↵k

I

IA

�z

3�x + 5�z
⇠ 2.8mm ·mrad.

The emittance at the first skew quadrupole magnet obtained in astra simulation is

5.0 ⇥ 10�8 m, which is a value close to "th in Eq. (6.54). However, the emittance ("+)

simulated by particle tracking are 1.5 times larger than that estimated with the analytical

equations. As the chromatic aberration is ignored in the calculation, the di↵erence of

values might come from the nonlinear e↵ect of quadrupole magnets.

Figure 6.12 shows that the beam distributions after the last skew quadrupole magnet

at energy chirps of h=-7, -10, -17 m�1 simulated with astra and elegant. The S-

shaped transverse distributions, are seen at h = �7 m�1 (CC1 chirp) and -17 m�1

(CC1&2 chirps), are caused by nonlinear RF kicks from cavities [83]. Moreover, we

simulated bunching factors for each energy chirp with the flat beams. Figure 6.13 shows
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the bunching factors for round and flat beams. For flat beams, we can see peaks at more

higher frequencies compared with those for round beams.

Figure 6.12: Beam distributions for each energy chip before the chicane.

Figure 6.13: Bunching factors for each energy chirp after the chicane.
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6.7 Generation of THz radiation

In general, two methods to generate THz radiation have been known: transition radi-

ation (TR) with a thin metallic plate and synchrotron radiation with a dipole magnet.

In this section, THz radiation production with TR and a wiggler consisting of a series of

dipole magnets are described, and we also calculate the energy density [J/THz] of THz

radiation generated from the micro-bunched beams with the two methods.

6.7.1 Transition radiation

When charged particles pass through the boundary of two media with di↵erent di-

electric constants, transition radiation (TR) is emitted forward and backward directions

with respect to the incident particles [84–86]. The schematic diagram of the transition

radiation is shown in Figure 6.14. The transition radiation can be interpreted that it is

emitted by an interaction between an electron and its image charge. We insert an Al foil

tilted at 45 degrees at X121 and extract backward TR into a detector installed in the

outside of the beamline. The spectral energy u of backward TR emitted by an electron

per unit solid angle in SI units is

d
2
u

d!d⌦
=

e
2

4⇡3✏0c

�
2 sin2 ✓

(1� �2 cos2 ✓)2
, (6.55)

Figure 6.14: Sketch of the transition radiation. (a) and (b) represent normal incident
and the oblique incident of 45 degrees.
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where ✓ is the emission angle with respect to the incident electron beam and � = v/c.

The spectral energy U for the number of electrons N is

d
2
U

d!d⌦
= [N +N(N � 1)F (!, ✓)]

d
2
u

d!d⌦
, (6.56)

where F (!, ✓) is a bunching factor depending on an electron distribution and is given

by

F (!, ✓) = |f(!, ✓)|2 =
����
Z Z Z

f(r, z)exp(�ik · x)
����
2

d
3
x. (6.57)

The three dimensional density distribution f(r, z) of an electron bunch in Eq. (6.57) can

be divided into longitudinal h(z) and transverse g(r) distributions of a bunch

f(r, z) = g(r)h(z). (6.58)

Using the relation of n · z = z cos ✓ and n · r = r sin ✓, Eq. (6.57) becomes

F (!, ✓) =

����
Z

ge
ikr sin ✓

dr

Z
he

ikz cos ✓
dz

����
2

=

����
Z 2⇡

0

Z 1

0
g(⇢,�)eik⇢ cos� sin ✓

⇢d⇢d�

Z 1

�1
h(z)eikz cos ✓dz

����
2

. (6.59)

We used r = ⇢ cos� in a cylindrical coordinate system. When an electron bunch is

assumed to be a Gaussian distribution in transverse and longitudinal directions, g and

h are

g(x, y) =
1

2⇡�2?
e
�(x2+y2)/2�2

? ) g(!) = e
�(!�? sin ✓/c)2

, (6.60)

h(z) =
1p
2⇡�z

e
�z2/2�2

z ) h(!) = e
�(!�z/c)

2

, (6.61)

where �? and �z are transverse and longitudinal beam sizes. Therefore, the spectral

energy U for the number of electrons N (Eq. (6.56)) can be written as

d
2
U

d!d⌦
' N

2
e
�(!

c )
2(�2

? sin2 ✓+�2
z) d

2
u

d!d⌦
. (6.62)

Since peak widths of a micro-bunched beam are smaller than transverse beam sizes at

a target foil, we have �z ⌧ �? sin ✓. From Eq. (6.62), high intensity CTR requires small

transverse beam sizes at the foil. As e�1 ⇠ 0.37, we would like to satisfied with

⇣
!

c

⌘2 �
�
2
? sin2 ✓

�
 1, (6.63)
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With sin ✓ ' 1/�, k = 2⇡/�, and ! = ck, the critical frequency fc which means a high

frequency cut-o↵ is

fc =
�c

2⇡�?
. (6.64)

For an electron beam of ⇠35 MeV and the beam size of 1 mm at an Al foil, the high

frequency cut-o↵ is fc⇠3.3 THz. On the other hand, when the longitudinal beam size

is larger than the transverse beam sizes at the foil �z � �? sin ✓, the critical frequency

fc is

fc =
c

2⇡�z
. (6.65)

The bunching factor is the indicator that TR is coherent for F ! 1 or incoherent for

F ! 0. Therefore, when the bunching factor is close to one (coherent TR: CTR), the

spectral energy emitted from the entire bunch is

d
2
U

d!d⌦
' N

2
F (!, ✓)

d
2
u

d!d⌦
. (6.66)

Integrating Eq. (6.66) over the solid angle,

dU

d!
' N

2 e
2

4⇡3✏0c


1 + �

2

�
ln

✓
1 + �

1� �

◆
� 2

�
F (!, ✓). (6.67)

Using the bunching factor shown in Fig. 6.8, the energy density in µJ/THz for two chirp

settings using both CC1 and CC2 is shown in Figure 6.15. Here we assumed an initial

bunch charge of 1 nC and 5% transmission, so that N=50 pC at the foil. The left plot

in Fig. 6.15 shows that the energy density at the first harmonic with either chirp setting

is about 0.15 µJ/THz. Three harmonics are visible up to ⇠3 THz for both settings,

but the energy density falls more slowly with frequency for the compression setting

(h=+16), as expected. The peaks in the spectrum are at (0.39, 0.75, 1.14) THz with

bunch lengthening and at (0.75, 1.53, 2.14) THz with bunch compression. Since the

coherent radiation energy scales with the square of the bunch charge and linearly with

the bunching factor, it may be possible to increase the radiated energy from the above

estimates by increasing the slit width for greater transmission which will also increase

the overlap between the micro-bunches and reduce the bunching factor.

6.7.2 Energy density enhanced with a small wiggler

Instead of CTR, it is conceivable to use a wiggler [87, 88] as a broad-band source of

radiation which has the advantage of higher photon flux but requires more space in the

beamline. Here we provide an estimate of the energy density expected from a wiggler

and compare it with the energy density from CTR. A wiggler can be considered as a
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Figure 6.15: Energy density spectrum from two radiation sources with two chirp set-
tings using CC1 and CC2. Charge per bunch at the radiator is 50 pC.
Left: From CTR, Right: From a wiggler, K = 2.8, length = 1.5 m.

series of bending magnets. The photon flux emitted from a wiggler is the summation

of the flux from each bending magnet. The energy spectrum u per frequency ! by one

electron radiated from a bending magnet is [87, 88]

✓
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where ↵ is the fine structure constant, ~ is Planck’s constant, K5/3 is a Bessel function,

!c is the critical frequency, and ⇢ is the bending radius of the dipole magnet. Therefore,

for a wiggler with a series of Np bending magnets (number of periods=Np/2), the energy

spectrum per one electron is given by
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Using Eq. (6.66), the coherent energy spectrum U generated from N electrons is
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If �W is the length of the wiggler period, then the parameter defining the wiggler strength

is K = 0.934�W [cm]B0[T], where B0 is the bending field [89]. Typically K > 2.5

describes the transition from a multiple harmonics undulator radiation to the broadband
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wiggler radiation. For significant THz radiation, we require a low critical frequency

!c, and a compact wiggler requires small values of �W , NP . Choosing for an example

calculation, B0 = 0.2 T yields the critical frequency fc = 40.5 kHz at the FAST energy

and with �W = 15 cm, K = 2.8, and NP = 10 results in a wiggler length of 1.5 m.

The right plot in Fig. 6.15 shows the energy density spectrum using Eq. (6.71) and the

bunching factor calculated above (see Fig. 6.8).

The energy density with the wiggler at the first harmonic reaches (86, 104) µJ/THz

for h = (�16, 16) respectively, nearly three orders of magnitude higher than from CTR.

However, since the angular spread of wiggler radiation is larger (⇠ K/�) than that of

CTR (⇠ 1/�), the energy deposited from a wiggler can be expected to be about two

orders of magnitude larger.

6.8 Detection of THz radiation

As mentioned in Sec. 6.7, we generate CTR by sending electron beams to an Al foil

installed in the beamline and transport it to an interferometer. In the FAST facility,

a Martin Puplett interferometer (MPI) and pyroelectric detectors are placed near the

vertical dipole magnet, which is used to measure bunch lengths of a longitudinally com-

pressed beam. We tried to measure the THz radiation in experiments using them. Also,

we are preparing a Michelson interferometer (MI) and a bolometer for the upcoming

experiments. In this section, Michelson and Martin-Puplett interferometers and THz

detectors which we use to measure frequency spectra are described.

6.8.1 Michelson and Martin Puplett interferometers

A Michelson interferometer (MI) consists of a beam splitter, a fixed flat mirror, a

movable flat mirror, and a detector. Figure 6.16 shows a simplified diagram of a MI. An

incident light beam is split into two beams by a beam splitter which has transmittance

50% and reflectance 50%, and then the two beams are sent to the fixed mirror and the

movable mirror. The beams are recombined at the beam splitter after traveling the

di↵erent routes. The intensity of the recombined light at the detector depends on the

di↵erence of path length from the beam splitter to each mirror.

When the two path lengths from the beam splitter to the mirrors L1 and L2 are

equal or di↵er by a multiple of half the wavelength of light, the path length di↵erence x

between the recombined beams at the detector is zero. The intensity can be written as

Iobs(x) =

Z 1

0
2R0T0I0 (1 + cos(2⇡kx)) dk, (6.72)
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where I0 is the intensity of the incident beam, R0 and T0 are reflection and transmission

coe�cients of the beam splitter, respectively. I(x) is called the interferogram. Here, we

assume that the transmission : reflection = 50% : 50%. Then,

Iobs(x) =

Z 1

0

I0

2
(1 + cos(2⇡kx)) dk. (6.73)

The change of the intensity at the detector is a contribution from the second therm Iac

of Eq. (6.73)

Iac =

Z 1

0

I0(k)

2
cos(2⇡kx)dk.

=
1

2

Z 1

0
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e
ikx + e
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2
dk
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1

2

Z 1

�1
I0(k)e

ikx
dk. (6.74)

Therefore, the incident light I0(k) can be computed from the interferogram Eq. (6.74)

by the inverse Fourier transformation,

I0(k) = 2

Z 1

�1
Iac(x)e

�2⇡kx
dx = 2

Z 1

�1
[Iobs(x)� Idc(x)] e

�2⇡kx
dx. (6.75)

A Martin-Puplett interferometer (MPI) [90, 91] basically consists of two polarizers

and a wire grid polarizer, and two rooftop mirrors. The schematic of a MPI, is similar to

that of a MI, is shown in Figure 6.17. An incident beam of light is horizontally polarized

by a polarizer, and it is then sent to a beamsplitter of a wire grid polarizer. The

beamsplitter divides the incoming beam into two beams with the same intensities and

polarizations perpendicular to each other. Each split beam of light is reflected by roof

mirrors and comes to the beamsplitter again. With the final wire grid polarizer before

the detectors, the beam is separated into horizontal and vertical polarizations, and then

the two detectors detect each signal. When there is a di↵erent path length of the light,

the recombined beam has elliptical polarization. Therefore, the intensities of horizontal

and vertical polarizations are di↵erent after passing through the final polarizer. The

intensities of the horizontal and vertical polarizations are Uh(t) and Uv(t) at the two

detectors [90–92],

Uh(t) /
Z 1

0
I(!) cos2

!t

2
, (6.76)

Uv(t) /
Z 1

0
I(!) sin2

!t

2
. (6.77)
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Also, we define the di↵erence interferogram �(x) normalized with the summation of the

intensities measured each detector [90–92]

�(t) =
Uh(t)� Uv(t)

Uh(t) + Uv(t)
=

R1
0 I(!) cos(!t)d!R1

0 I(!)d!
. (6.78)

Therefore, I(!) can be computed by an inverse Fourier transformation of the di↵erent

interferogram measured at the two detectors.

I(!) = F�1[�(t)]. (6.79)

Comparing a MI with a MPI, for the MI, a part of a beam returns to the radiation source

at the beam splitter. On the other hand, for the MPI, the beam intensity after the first

polarizer is the same as that of the summation of horizontal and vertical polarizations

at the detectors. Therefore, the precision of the MPI is higher than that of the MI,

however, the MPI requires two detectors to measure the intensities of horizontal and

vertical polarizations.

Figure 6.16: Sketch of a Michelson interferometer.

Figure 6.17: Schematic of a Martin-Puplett interferometer.
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6.8.2 Bolometer and Pyroelectric detector

A bolometer [93] is a kind of thermal detector and is used to measure the power of

infrared radiation. Figure 6.18 shows a simple semiconductor bolometer, which consists

of an absorber, a thermistor, thermal links, and a heat sink. The absorber supported

by two thermal links is away from the heat sink. Light going into a bolometer causes

the absorber’s temperature to increase and the resistance of the thermistor to decrease.

We can know the power of incident light with the temperature change of the absorber

obtained by measuring the voltage or the resistance of thermistor. The absorber’s tem-

perature becomes the same temperature as the heat sink via the thermal links. Also,

the absorber’s temperature is extremely sensitive to the thermal background. Therefore,

the bolometer is used under vacuum at a low temperature to suppress the background

noise.

A pyroelectric detector [93] shown in Fig. 6.18 converts radiation energy into an

electrical signal with a ferroelectric material such as TGS or Lithium Tantalate with

a large spontaneous electrical polarization depending on temperature. When radiation

hits the material in the pyrometer, it causes temperature change of the material. Then,

charges on the electrodes are generated due to the pyroelectric e↵ect, and the thermal

signal is converted into an electrical signal. As a result, we can obtain the voltage signal

depending on the incident radiation energy. Also, a pyroelectric detector is operated at

room temperature.

Figure 6.18: Simplified bolometer (left) and pyroelectric detector (right).
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THz radiation experiments

We produced micro-bunched beams with about 30 MeV electron beams at the FAST

facility in 2017 and examined their characteristics with a skew quadrupole magnet in

the chicane. The measured bunch spacing is in reasonable agreement with Eq. (6.32)

derived in Sec. 6.2.2. We also tried to detect THz radiation by sending the micro-

bunched beams to an Al foil installed downstream of the chicane, however, reproducible

data were not obtained. The cause of failure was investigated with Geant4 simulations

. Consequently, we concluded that bremsstrahlung from the slit-mask and the beam

pipe in the chicane was the major radiation source. In this section, the details of the

experiments with the micro-bunched beams andGeant4 simulations for bremsstrahlung

estimation are described. Moreover, based on the Geant4 simulations, we designed

radiation shielding around the THz detector for the next THz radiation experiments

and also determined to use a bolometer which can sensitively measure THz waves.

7.1 RF phases at the minimum energy spread

The transverse emittances were minimized by tuning the solenoid coils around the

RF gun. The normalized emittances measured with the “Q-scan” method were ("x,

"y)=(⇠0.3 µm, ⇠0.6 µm) at 100 pC/bunch. Similar transverse emittance was measured

in the Photo Injector Test facility at DESY, Zeuthen site (PITZ) [50]. Moreover, we

need to obtain the RF phases (�01, �
0
2) of CC1 and CC2 at the minimum energy spread

to know the energy chirp h ⇠ 0 as a criterion for producing energy chirped beams.

All experiments except for the emittance measurement were performed with electron

beams with a bunch charge of 200 pC. Using the energy spread measurement mentioned

in Sec. 5.1, we identified the RF phases at the minimum energy spread by scanning RF

phases of CC1 and CC2 and measured the vertical beam size for each phase at the screen

60
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monitor X124 downstream of the vertical dipole magnet. Figure 7.1 shows the results

of each RF phase scan. Here, we set the accelerating gradients of CC1 and CC2 to

14 MV/m. The RF phases at the minimum energy spread were (�01, �
0
2)=(211 degrees,

270 degrees) where the beam size �y was the minimum. The on-crest RF phases are

(�01, �
0
2)=(214 degrees, 271 degrees), and the RF phases at the minimum energy spread

are close to the on-crest RF phases.

Figure 7.2 shows the beam distributions (left images) at the minimum energy spread

and the data fitting with the super-Gaussian (right plots) [94] which is e↵ective for a

profile with a higher peak and a longer tail than a Gaussian profile. The beam tails

in figure 7.2 may be caused by the dark current emitted at the photocathode. The

super-Gaussian fitting function is given by

f(y) = A exp

 
�
✓
(y � y0)2

2�2y

◆P
!
, (7.1)

where �y is the standard deviation and P is the order of the super-Gaussian. Fitting

the beam sizes with the super-Gaussian function (Eq. (7.1)), we obtained the minimum

energy spread of 5.5⇥ 10�4 for the electron beam with an energy of ⇠34 MeV from

��CC1 =
�y

|⌘y|
' 5.5⇥ 10�4

, ��CC2 =
�y

|⌘y|
' 5.4⇥ 10�4

. (7.2)

The fitted P for each case is Pcc1=0.54 and Pcc2=0.48. The energy spread ��gun at the

exit of the RF gun (⇠5 MeV) is

��gun = 5.5⇥ 10�4 ⇥ 34MeV

5MeV
⇠ 3.7⇥ 10�3

. (7.3)

We assumed that the electron beam has an energy spread of 0.2% after the gun, however,

the energy spread ��gun = 0.37% at about 5 MeV is larger than that we assumed.

7.2 Micro-bunched beam production and measurements

In the experiments, we produced an energy chirped beam with o↵-crest RF phases.

When an electron beam is accelerated in an o↵-crest RF phase in CC1 or CC2, the

electron beam energy is reduced. Therefore, we tune the accelerating voltages of CC1

so that the electron beam always has an energy of 30 MeV in an RF phase range of

�35�  �1,�2  35� relative to on-crest operation. We set the RF phases of CC1 and

CC2 to the minimum energy spread and transmitted the electron beams to the chicane

without particle loss. The beam position was then close to the center of the screen

monitor X115 in the middle of the chicane. Since the beam position in the chicane
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changes with energy, we maintained nearly constant energy for the di↵erent RF phases

by choosing the accelerating voltages of the two cavities so that the electron beams

always came to the same position at X115.

The dispersion of the chicane at the slit-mask is designed to be 0.32 m, as mentioned

in Sec. 4.2. We focused the electron beam in the horizontal plane to be as small as

possible at the slit-mask, and then the beam profile and the curve fitting are shown in

Figure 7.3. By fitting the beam profile with the super-gaussian, the horizontal beam

size �x ⇠ 0.22 mm and the fitted P ⇠ 0.41 can be obtained at the beam focus. The

minimum horizontal beam size �x,min at the slits where we can measure using the screen

monitor can be computed as

�x,min =
p
"x�x + (⌘x�)2 ' ⌘x�

= 0.32 m⇥ 5.5⇥ 10�4 ⇥ 34 MeV

30 MeV
⇠ 0.2 mm. (7.4)

The dispersion ⌘x at the slit-mask is 0.32 m, and � is 5.5 ⇥ 10�4 at 34 MeV from

Eq. (7.2). The beam size �x = 0.22 mm measured with the YAG screen is consistent

with �x,min = 0.2 mm.

When the skew quadrupole magnet in the chicane is turned on, the vertical beam

size becomes large due to the y-dispersion. We focused the vertical beam size at X120

downstream of the chicane using quadrupole magnets placed before and after the chicane.

Figure 7.4 shows beam sizes at X120 before and after the increased focusing. The RF

phases of CC1 and CC2 are set to (�01, �
0
2) where the energy spread is minimum. The

Figure 7.1: Vertical beam sizes at X124 depending on RF phases. Upper and bottom
plots represent CC1 and CC2 phase scans, respectively.
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Figure 7.2: Vertical beam distributions at the minimum energy spread at X124. They
are fitted with the super-gaussian due to the beam tail. Upper plots
represents the CC1 chirp and bottom plots shows the CC2 chirp.

vertical rms beam size was reduced to �y = 0.25 mm from �y = 0.34 mm without the

additional focusing.

We inserted the slit-mask in the middle of the chicane and set the skew quadrupole

magnet current to 0.9 A. Keeping CC2 phase to that corresponding to the minimum

energy spread, we took beam profiles scanning the RF phase of CC1 to values (relative

to the on-crest phase) of �29.4�, 0� , 10�, 20�, 30�, and the results are shown in Figure

Figure 7.3: Beam distributions at the slit-mask (X115) after horizontal beam focus.
The RF phases of CC1 and CC2 are set to the minimum energy spread.
Left image is the beam distribution and right red plot shows the curve
fitting.



Chapter 7 THz radiation experiments 64

Figure 7.4: Vertical beam sizes at X120 before (top) and after (bottom) additional
focusing. Left plots represent the beam images and right plots represent
the histogram of the vertical distributions.

7.5. Also, Table 7.1 shows the energy chirps corresponding to the CC1 RF phases. The

beams are separated in the y-plane, and the vertical spacings are ⇠0.8 mm at each

phase. Eq. (6.32) derived in Sec. 6.2.2 shows that the vertical spacing is independent of

the RF phase and depends on the K-value (current) of the skew quadrupole magnet.

We obtained constant vertical spacing for di↵erent energy chirps, and hence the vertical

spacing is independent of RF phases.

The beam profiles at ±30� and 20� have di↵erent �x along the vertical axis (energy

axis). The bunch head (low energy) at �30� (max. compression) is focused stronger

than the bunch tail (high energy), and that is opposite at 20� and 30�. At 0� (minimum

energy spread) and 10�, the di↵erences of �x along the vertical plane are not seen.

Therefore, that can be interpreted as the chromatic aberrations due to large energy

spreads.

Next, we scanned the skew quadrupole current for two cases (CC1, CC2)=(0�,

+30�) and (+30�, 0�). Figure 7.6 shows the vertical spacing’s dependence on the skew

quadrupole current in the two cases. The vertical spacing is proportional to the skew

quadrupole magnet as we expected in Eq. (6.32) .

Table 7.1: Energy chirps corresponding to CC1 RF phases.

CC1 RF phase -30� 0� 10� 20� 30�

Energy chirp 5.6 m�1 0 m�1 -1.8 m�1 -3.7 m�1 -5.7 m�1



Chapter 7 THz radiation experiments 65

Figure 7.5: Beam distributions at X120 at each RF phase of CC1 when the slit-mask
is inserted and the skew quadrupole magnet is set to 0.9 A.

Figure 7.6: Vertical spacing depending on the current of the skew quadrupole magnet
at (CC1, CC2)=(0�, +30�) and (+30�, 0�).

7.3 Micro-bunched beam measurements with pyrometers

When the electron beam goes through the Al foil installed at X121 (see Fig. 3.2) CTR

is emitted and extracted to the pyrometers [IntraTec] through the Martin-Puplett inter-

ferometer [92, 95]. The detector’s geometry is shown in Figure 7.7. First, we measured

TR with the maximum longitudinal compression of the electron beam. Figure 7.8 shows

the autocorrelation function and the frequency spectrum detected with pyrometers in

this case. Here, we used the fitting function ffit with a low frequency cut-o↵ function
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ffilter [96, 97]

ffit(!) = A · ffilter(!)
����exp

�!2
�
2
b

2

����
2

+B, (7.5)

ffilter(!) = 1� exp

✓
� !

!0

◆4

, (7.6)

where !0 is the characteristic cut-o↵ frequency, and A, B are the constants. From

Fig. 7.8, we obtained the bunch length of �z ⇠ 0.7 ps (0.21 mm) for maximum compres-

sion [97], which is consistent with the bunch length measured at FAST [98].

We set the RF phase of CC1 to maximum lengthening and measured the autocorrela-

tion function with the pyrometers in the same way. Figure 7.9 shows the autocorrelation

functions and frequency spectra for the same condition on di↵erent days. The auto-

correlation function has two peaks with a time interval of ⇠4 ps in the top left plot,

and the frequency spectrum in the top right plot has a fundamental frequency of ⇠0.3

THz which is consistent with the simulation. However, when we performed the same

measurement under the same conditions on a di↵erent day, we obtained di↵erent results,

shown in the bottom plots in Fig. 7.9. The same autocorrelation function was not ob-

tained. This might be due to background radiation from the slit-mask. We did not have

in place radiation shielding around the box with the Martin-Puplett interferometer and

pyrometers.

Figure 7.7: Beamline geometry and pyrometers [95].



Chapter 7 THz radiation experiments 67

Figure 7.8: The autocorrelation function (top) and the frequency spectrum (bottom)
for the maximum longitudinal compression of the beam.

Figure 7.9: The autocorrelation functions with pyrometers and the frequency spectra
when the electron beam bunch is lengthened. The top plots show the
results obtained on 12/1/2017 and the bottom plots show the results
obtained on 11/28/2017, under the same conditions.
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7.4 Bremsstrahlung from the slit-mask and beam pipe

To identify whether the spectra in Fig. 7.9 are from bremsstrahlung or not, we per-

formed Geant4 simulations to calculate the flux of di↵erent particles generated at

the slit-mask and beam pipe in the chicane entering the pyrometers. Since Geant4

requires the electron beam distributions at the entrance of the slits as the initial con-

dition, we use the distribution obtained with the elegant code. The simulation pa-

rameters were as follows: beam energy = 30.4 MeV, the number of electrons = 106,

and the beam size at the slits (�x, �y) = (1.8mm, 0.2mm). The number of elec-

trons was about three orders of magnitude smaller than the bunch population in the

experiments due to the computational time for the simulations. The detector box was

placed at (x, y, z) = (�0.9m, 0m, 4.0m) from the slit-mask ((x, y, z) = (0m, 0m, 0m))

(see Fig. 7.7). Figure 7.10 shows the Geant4 simulation results of the electron beam’s

transverse size and energy distributions after going through the slit-mask. The x-y

distribution simulated with Geant4 is consistent with that simulated using elegant.

About 5% of the incident electron beam can go through the slits without interacting

with the slits. The other particles (95%) of the beam scatter o↵ the slits and the beam

pipe, and many photons and particles are generated and become background noise in

the detectors.

Figure 7.11 shows the x-y distributions at z = 3.5 m for each particle type and the

red boxes in Fig. 7.11 represent the place of the detectors. The Geant4 simulation

results show that electrons, photons, neutrons, and positions are emitted from the slit-

mask and the beam pipe. The electrons represent secondary particles, which are not the

incident electrons going to the slit-mask. The electrons are produced due to the pair

production (� ! e
�+e

+), the photoelectric e↵ect, and ionization. Photons are generated

Figure 7.10: Electron beam (left) and energy (right) distributions after the slit-mask.
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via bremsstrahlung and also from electron-positron annihilation (e� + e
+ ! � + �).

The main source of neutron production is the photonuclear reaction. From Fig. 7.11,

electrons, photons, and positrons form the main background sources and should be

suppressed to be zero ideally.

Figure 7.11: Transverse distributions of Electrons, photons, neutrons, and positron
distributions at z=4 m (around the pyrometers). Red boxes represents
detector’s position.

Figure 7.12: Energy distributions of Electrons, photons, neutrons, and positron dis-
tributions at z=4 m (around the pyrometers).
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7.5 Radiation shielding for upcoming THz radiation ex-

periments

To suppress the background for the upcoming THz radiation experiments, radiation

shielding is needed at appropriate places. From Fig. 7.10, photons and secondary elec-

trons are the main background source, while the interaction of the photons with the

nuclei of the materials causes the positron production. Since the pyrometers may not

be sensitive enough to detect the levels of THz radiation expected in the experiment,

we will use a more sensitive detection system consisting of a Michelson interferometer

and a cryogenically cooled bolometer. This THz detect system is placed upstream of

the box with the pyrometers, and it is shown in Figure 7.13.

Geant4 simulations were performed to determine appropriate thickness and placement

of the shielding. Lead bricks will be used for the radiation shielding since the main

background is from photons. For the simulations, we assumed four cases (Case A, B,

C, and D) for di↵erent radiation shielding positions close to the chicane and/or the

bolometer. Shielding thicknesses of (x, y, z)=(30 cm, 20 cm, 20 cm) and (30 cm, 10 cm,

50 cm) are assumed to absorb high energy photons and particles. Figure 7.14 shows the

simulation geometries for the four cases.

Figure 7.15, 7.16, 7.17, and 7.18 show the electron, photons, positron, and neutron

distributions around the bolometer for each case at z = 3.5 m around the THz detector

system. The red boxes in Fig. 7.15-7.18 represent the window of the bolometer. All

particle counts except for photons are zero at the bolometer. The photon count is

also zero, except in case B where one photon hits the detector. We note however that

Figure 7.13: THz detector system with the Michelson interferometer and a bolometer.
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these are low statistics simulations. In the experiment, particle fluxes of all types will

be significantly higher. Nevertheless, we can draw the following conclusions from the

experiments: 1) Photons are the main background source, so lead bricks should form

an e↵ective shield, 2) Cases A and B are more e↵ective at shielding than cases C and

D, because they have a larger solid angle coverage of the radiation from the slit mask

and the beam pipe. This information will be useful in setting up the initial radiation

shielding geometry during the experiments and will be subsequently optimized.

Figure 7.14: Simulation geometries for di↵erent radiation shielding places. Red boxes
and brown boxes represent lead shielding and optical breadboards with
the THz detector system, respectively.
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Figure 7.15: Electron distributions for each case at the bolometer. The THz detector
is placed at red boxes.

Figure 7.16: Photon distributions for each case at the bolometer. The THz detector
is placed at red boxes.
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Figure 7.17: Positron distributions for each case at the bolometer. The THz detector
is placed at red boxes.

Figure 7.18: Neutron distributions for each case at the bolometer. The THz detector
is placed at red boxes.
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7.6 Experimental setup for upcoming THz radiation ex-

periments

We will detect THz radiation with a Michelson interferometer and a bolometer in the

next THz radiation experiments [11]. First, we assembled a Michelson interferometer

consisting of an inconel beam splitter whose reflection/transmission ratio is 40%/40%

(Edmund Optics), three flat mirrors with a diameter of 3 inches (Edmund Optics), and

a parabolic mirror (Edmund Optics) with a focal length of 127 mm for a beam focus

to a bolometer window. The one flat mirror is fixed on a movable stage with a slide

stroke of 100 mm, and the other ones are fixed on an optical breadboard. The assembled

Michelson interferometer is housed inside an aluminum box to prevent the e↵ect of visible

light to the interferometer.

We installed the box with the Michelson interferometer upstream of the Martin-Puplett

system. Figure 7.19 shows the installed Michelson interferometer. CTR radiated at X121

is transported through a stainless pipe with a diameter of 4 inches to the bolometer.

The stainless pipe can also be filled with Nitrogen gas to avoid the absrption of the THz

radiation in the air. The alignment is adjusted with a red laser attached to a vacuum

window close to X121, and the laser can be transported from X121 to the exit of the

Michelson interferometer, see the bottom left image in Fig. 7.19.

Figure 7.20 shows the helium-cooled bolometer (HDL-5 model, IRLabs) which we will

use. This bolometer is the same one used for THz radiation experiments using an RF de-

flector (transverse-longitudinal emittance exchanger) at the A0 photo-injector [11]. The

helium and nitrogen tank capacities of this bolometer are 1.2 L and 0.8 L, respectively,

and the bolometer can be cooled down to 4 K. Then, the standard holding time is over

20 hours at 4 K. This bolometer is installed next to the Michelson interferometer box,

see Fig. 7.19. Also, radiation shielding will be placed around the interferometer box and

the bolometer to suppress photons and secondary particles radiated from the slit-mask

and the beam pipe in the beamline.
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Figure 7.19: The Michelson interferometer installed upstream of the Martin-Puplett
interferometer.

Figure 7.20: A He-cooled bolometer (HDL-5 model, IRLabs). The left picture repre-
sents a window of the bolometer.
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7.7 Summary of THz radiation experiments

We performed the first set of THz radiation experiments with 30 MeV electron beams at

the FAST facility. First, we measured the uncorrelated energy spread at a higher energy

of 34 MeV and obtained the energy spread of 0.055%. It is equivalent to �=0.37% at 5

MeV after the RF gun. This value is about two times larger than that of our expectation

value of <0.2%. To decrease the energy spread, the commissioning of the RF gun such

as the tuning of the RF gun phase and improvement of the longitudinal profile of the

laser needs to be done.

We accelerated the electron beams with RF phases relative to the minimum energy

spread of (-30�, 0�, 10�, 20�, 30�) in both cavities, and turned on a skew quadrupole

magnet after inserting a slit-mask in the middle of the chicane. At the screen monitor

X120 downstream of the chicane, vertically separated electron beams could be measured

for each RF phase. The vertical spacings of the micro-bunched beams did not change

and also was constant for the di↵erent energy chirps, which is in agreement with that

of Eq. (6.32). Moreover, when we varied the current of the skew quadrupole magnet at

(CC1, CC2)=(0�, +30�) and (+30�, 0�), the vertical separations are proportional to the

current, and there is not much di↵erence between the CC1 chirp and the CC2 chirp.

This result is also consistent with that of our simulations (see Fig. (6.10)).

We emitted CTR by sending micro-bunched beams to an Al foil downstream of the

chicane. When the electron beam was maximally compressed longitudinally without

the slit-mask, the autocorrelation function was measured using the THz detector sys-

tem which combined two pyrometers and a Martin-Puplett interferometer. From the

obtained data, the minimum bunch length was about 0.7 ps (0.21 mm), which is in rea-

sonable agreement with bunch length measured before [98]. Although we inserted the

slit-mask and tried to measure the autocorrelation at the maximum bunch lengthening

mode, reproducible data were not obtained. From the simulations with Geant4, we

expect that many photons, secondary electrons, and positrons were generated from the

slit-mask and beam pipe, and they went to the detector. Therefore, we concluded that

bremsstrahlung from the slits and the beam pipe was the main source of the detected

radiation.

We will measure THz radiation during the next experiments at the FAST facility. We

will install radiation shielding using lead bricks and a new detector system consisting

of a bolometer and a Michelson interferometer. Simulations with Geant4 showed that

the shielding with a thickness (z-direction) of least 200 mm and placed around the slit-

mask and the THz detector is e↵ective in significantly reducing the background at the

detector.
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Optics design and simulations for

Channeling Radiation

We performed simulations and experiments of Channeling radiation (CR) using an

electron beam of an energy of 43 MeV and a single diamond crystal with a thickness of

168 µm. First, this section briefly presents the energy, yield, and brilliance of CR. When

an electron beam travels with a su�ciently small transverse momentum with respect to

a crystal plane, the electrons can be captured in bound states of the crystal’s transverse

potential, and consequently emit CR. Electron motion in the crystal is similar to that

in an undulator, and the vibration period is very short, therefore, high energy X-rays

can be emitted using a comparatively low energy electron beam. In other words, photon

energy radiated from an electron beam traveling a crystal, which is not so high, is shifted

to the higher energy due to the Doppler e↵ect in the forward direction. An important

requirement for CR is that the electron beam divergence at the crystal must be smaller

than the critical angle ✓c [99]. If beam divergences are larger than the critical angle,

electrons in the crystal have too large a transverse momentum to be captured by the

crystal potential; this is called de-channeling. The critical angle ✓c for CR is given by

✓c =

s
2�Vmax

mc2(�2 � 1)
⇠

s
2Vmax

mc2�
, (8.1)

where Vmax is the transverse potential of a crystal, m is the electron mass, c is the speed

of light, and � is the Lorentz factor. For an electron energy of 43 MeV and a diamond

crystal with the (110) plane, the critical angle ✓c = 1.1 mrad using Eq. (8.1).

The energy spectrum of CR for electron energies below 100 MeV, derived by solving

Schrodinger equation, is discrete [19–22]. Electrons bound by the potential of a crystal

plane or axis have discrete energy levels, and spontaneous transitions between the energy

77
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states generate quasi-monochromatic CR. On the other hand for electron energies above

⇠100 MeV, the energy spectrum of CR can be described by classical electrodynamics,

and it is broad and continuous [99]. The CR energies for electron energies below 100

MeV are given by [99]

E� = 2�2
(✏i � ✏f )

(1 + �2✓2)
, (8.2)

where ✓ is the angle of the emitted photon from the incident electron, ✏i and ✏f are the

energy eigenvalues of electrons in energy levels i and f . This equation also shows that

the CR energy can be tuned by changing the electron energy since E� / �
2. The CR

spectrum calculations reported here were done using a Mathematica notebook which

was significantly corrected and modified from the published version [100], this modified

version was used to successfully compare simulations with experimental results from a

previous channeling experiment [34]. The CR energies for a diamond crystal and 43

MeV electron energy are shown in Table 8.1 for photons emitted at an angle of 0 degrees

with respect to the incident electron beam.

The photon yield for states i ! f per steradian per photon energy per electron is

written as [20, 34, 100, 101]

d
2
N

d⌦dE�
(i ! f) =

↵f�
2
f

⇡5/2~c
2�2(✏n � ✏m)|h f |

@

@x
| ii|2

Z d

0
exp[�µ(E�)(d� z)]Pn(z)

⇥
Z 1

0
dt

t
�1/2(1 + 2↵2

t)(�T /2)e�t

[(1 + 2↵2t)E� � E0]2 + [(1 + 2↵2t(�T /2))]2
, (8.3)

where ↵f is the fine structure constant, �c the Compton wavelength of the electron, ✏n,

✏m, the energies of the state n, m, d the crystal thickness, µ(Ej) the photon absorption

coe�cient, E� the photon energy, � the total line width of the transition n ! m, E0

photon energy at zero angle, ↵ = �✓MS : the multiple scattering angle, Pn(z) the occu-

pation probability of channeling state n at crystal depth z, and  (m,n) the eigenfunction

of state m, n.

Also, Pn(✓) is [100, 102]

Pn(✓) = |h | exp (ikxx)i|2 =
1

dp

�����

Z dp/2

�dp/2
 i exp ikxxdx

�����

2

. (8.4)

One of the requirements for high intensity photons is to make Pn(✓) large. We calculated

the occupation of di↵erent channeling states with Eq. (8.4). Figure 8.1 shows the initial

populations as a function of the beam divergence at the crystal entrance for states of

n=0, 1, 2, and 3 when the electron beam is incident at a zero angle to the crystal. Black,

red, blue, and green lines are for n=0, 1, 2, and 3, respectively. The beam divergence

except for the state of n = 1 should be low to generate high intensity photons. In the
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state of n=1, the initial population has a distribution with a peak at a beam divergence

of about 0.35 mrad.

The photon yields for beam divergences of 0.1 mrad, 0.3 mrad, 0.9 mrad, and 1.1

mrad at the crystal were calculated, and the results are shown in Figure 8.2. The

energy widths are about 10% for the di↵erent divergences, and photon intensities are

higher for smaller beam divergences. A crystal thickness is the important parameter

to generate a high photon yield and needs to be determined considering the absorption

length of a photon, the occupation length, de-channeling, and re-channeling. Although

the emission of the maximum photon yield requires ⇠300 µm thickness [34], here we use

a diamond crystal of 168 µm.

In general, the quality of X-ray sources such as synchrotron radiation and XFEL

is evaluated with the spectral brilliance [photons/s/mrad2/mm2
/0.1%bandwidth]. The

average brilliance of CR emitted from electrons can be expressed as [34]

Bav =
Iav

e

�
2
Y (�0e)

210�3

✏
2
N�E�/E�

Erf


✓cp
2�0e

�
photon/s/(mm�mrad)2/0.1%BW, (8.5)

where Iav is the average electron beam current, e is the elementary electron charge, Y

is the total photon yield per electron, ✏N is the normalized emittance, ✓c is the critical

angle, see Eq. (8.1), �E�/E� is the relative width of the X-ray line, �0e is the electron

beam divergence, and Erf is the error function. According to the Eq.(8.5), the average

brightness is proportional to 1/�2, which shows that beam sizes at a crystal location

should be small to generate high brightness CR.

Table 8.1: X-ray energies generated for a diamond crystal and 43 MeV electrons.

Transition X-ray energy [keV]

1 ! 0 110
2 ! 1 67.5
3 ! 2 51
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Figure 8.1: Initial population depending on beam divergences for di↵erent states of
n=0, 1, 2, and 3 at incident angle of 0 degree.
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Figure 8.2: Photon yields for beam divergences of 0.1, 0.3, 0.9, and 1.1 mrad.
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8.1 Beam optics solutions for CR

In this section, we present optics solutions for charges of 1, 20, and 200 pC (1)

high brightness solutions with low beam sizes and divergences close to the critical angle

(consistent with the beam emittance) and (2) high yield solutions with a large beam size

and low divergences at the crystal. Electron beam dynamics from the photocathode to

downstream of the second superconducting cavity (8m) was simulated, including space

charge e↵ects, using the tracking program ASTRA [103] for bunch charges of 1 pC,

20 pC, and 200 pC. Table 8.2 shows the Twiss parameters, the normalized emittances,

and the energy spreads for 1, 20, and 200 pC. The similar low emittance beams were

obtained in PITZ (DESY) [50] where the same photocathode and RF gun are employed.

Table 8.2: Twiss parameters, normalized emittances, and energy spread for 1, 20, and
200 pC at 8 m from the photocathode, from ASTRA simulations.

Charge [pC] ✏ [µm-rad] ↵x (=↵y) �x (=�y) [m] �E/E [%]

1 0.02 -43.3 309.5 0.1
20 0.19 -3.8 21.3 0.1
200 0.52 -3.6 18.9 0.2

8.1.1 Beam optics solutions for high brightness CR

(1) For bunch charges of 1, 20, and 200 pC, the beam optics from downstream of

CC2, the second superconducting cavity, to the beam dump was simulated with initial

parameters in Table 8.2 using SAD (Strategic Accelerator Design) computer code [104].

Figure 8.3 shows the optics functions obtained by minimizing the beam size at the crystal

for bunch charges of 1, 20, and 200 pC. Green and red boxes show quadrupole magnets

and bending magnet respectively, and blue and red lines represent the horizontal and

vertical planes respectively. The optics matching was done with two sets of triplet

magnets; (Q108, Q109, Q110) and (Q118, Q119, Q120). Their polarities are (+, -

, +) and (-, +, -); + and - means horizontal and vertical focusing, respectively. The

quadrupole magnets used in matching are constrained to a maximum gradient of 6 T/m.

Starting with the initial conditions shown in Table 8.2, the minimum beta functions at

the crystal are 3 mm, 3 mm, and 5 mm for 1, 20 and 200 pC. Table 8.3 shows the

minimum beam sizes, beam divergences, and beta functions at the crystal for three

charges. The beta functions (and beam sizes) are largest in the final quadrupole magnets

before the crystal, however, the beam sizes are much smaller than the radius of the beam

pipe.
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The calculated beam sizes (�x,y =
p
✏x,y�x,y) for minimum beta functions are quite

di↵erent from those obtained by particle tracking. The tracking includes chromatic

e↵ects. Figure 8.4 shows beam sizes at the crystal as functions of the beta functions for

the di↵erent charges calculated with both methods. The dots are the beam sizes obtained

by particle tracking, and lines are the beam sizes from the analytical calculation. When

an electron beam is strongly focused by quadrupole magnets, the focus point is di↵erent

for di↵erent electron energies because a low energy electron is bent more than a high

energy electron. As the result of these chromatic aberrations, the transverse beam sizes

at the crystal become larger than those obtained by analytical calculation. Assuming

sextupole magnets cannot be placed in the chicane to correct the chromaticity, the only

other option to keep chromatic e↵ects small is that the electron beams have a su�ciently

small energy spread. Figure 8.5 shows the beam sizes at the crystal depending on

momentum spread simulated by particle tracking when the beta functions for 20 pC are

3 mm at the crystal. The energy spread a↵ects the horizontal size more due to strong

horizontal focus in the last triplet magnet. Also, this shows that momentum spread

should be less than 0.1% at the crystal. The energy spread expected for (1, 20) pC

is about 0.1% but larger for 200 pC. Therefore, the e↵ect of the chromatic aberration

should not be significant for the two lower chargers.

The beam divergences at the crystal for 1, 20 and, 200 pC are 0.3, 0.9, and 1.1 mrad,

respectively. For the di↵erent charges, 94% (1 pC), 50% (20 pC), and 34% (200 pC) of

particles in a bunch satisfy the channeling condition of the critical angle, and the other

particles pass through the crystal without channeling. Table 8.4 shows the spectral

brilliances at each bunch charge. Although the brilliances decrease at the high charges,

the brilliances of 1010 [photons/s/mrad2/mm2
/0.1%bandwidth] can be obtained.
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Figure 8.3: Optics functions of the transport line when beam sizes at crystal are
minimum for 1 pC, 20 pC, and 200 pC. Top: 1 pC, Middle: 20 pC,
Bottom: 200 pC. Blue and red lines show the horizontal and vertical
planes. Green and yellow boxes represent quadrupole and dipole magnets
respectively.
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Figure 8.4: Beam sizes at the crystal depending on the beta functions for 1 pC, 20
pC, and 200 pC. Top: 1 pC, Middle: 20 pC, Bottom: 200 pC. Blue and
red dots show horizontal and vertical beam sizes obtained from particle
tracking. Green lines are the beam sizes from analytical calculation with-
out chromatic e↵ects. The rms energy spreads for these bunch charges
are shown in Table 8.2.



Chapter 8 Optics design and simulations for Channeling Radiation 85

Entries  100000

Mean  08− 2.428e

Std Dev   06− 3.639e

Integral   1e+05

Beam size X [m]
0.15− 0.1− 0.05− 0 0.05 0.1 0.15

3−10×

N
u
m

b
e
r 

o
f 
e
le

c
tr

o
n
s
 [
a
rb

. 
u
n
it
s
]

1

10

210

310

410

Entries  100000

Mean  08− 2.428e

Std Dev   06− 3.639e

Integral   1e+05

P/P=0.05%∆

P/P=0.1%∆

P/P=0.2%∆

P/P=0.3%∆

Entries  100000
Mean  09−1.786e− 
Std Dev   06− 3.439e
Integral   1e+05

Beam size Y [m]
0.15− 0.1− 0.05− 0 0.05 0.1 0.15

3−10×

N
u
m

b
e
r 

o
f 
e
le

c
tr

o
n
s
 [
a
rb

. 
u
n
it
s
]

1

10

210

310

410

Entries  100000
Mean  09−1.786e− 
Std Dev   06− 3.439e
Integral   1e+05

P/P=0.05%∆

P/P=0.1%∆

P/P=0.2%∆

P/P=0.3%∆

Figure 8.5: Beam size distributions at the crystal for di↵erent momentum spreads for
20 pC when the beta functions at the crystal are 3 mm. Left: horizontal
plane, right: vertical plane.

Table 8.3: Minimum beam sizes, beam divergences, and beta functions at the crystal
for the di↵erent charges. Initial conditions are shown in Table 8.2.

Charge [pC] �x (=�y) [mm] �x, �y [µm] �
0
x, �

0
y [mrad]

1 3 (1.3, 1.3) (0.3, 0.3)
20 3 (4.1, 4.0) (0.9, 0.9)
200 5 (9.6, 9.6) (1.1, 1.1)

Table 8.4: Spectral brilliances at each bunch charge for high brightness solutions. The
brilliance unit is [photons/s/mrad2/mm2

/0.1%bandwidth].

Brilliance
Charge [pC] 50 keV 70 keV 110 keV

1 3.3⇥1011 7.4⇥1011 1.0⇥1012

20 5.6⇥1010 1.2⇥1011 1.9⇥1011

200 6.7⇥1010 1.4⇥1011 2.2⇥1011

Table 8.5: Photon fluxes at each bunch charge for high brightness solutions.

Photon flux [photons/s]
Charge [pC] 50 keV 70 keV 110 keV

1 2.4⇥105 5.4⇥105 7.6⇥105

20 3.7⇥106 8.0⇥106 1.2⇥107

200 3.3⇥107 7.0⇥107 1.1⇥108
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8.1.2 Beam optics solutions for high yield CR

(2) To produce high yield CR, the beam divergence at the crystal should be much

smaller than the critical angle from Eq. (8.3) and (8.4) as mentioned before. This means

that beam size at the crystal will be large due to the conservation of beam emittance.

Hence the chromatic aberration can be ignored (see Fig. 8.4). We simulated the beam

optics so that the electron beam has divergences of 0.1 mrad and there is an optics waist

(twiss parameter ↵x,y = 0) at the crystal for each charge. The optics functions along the

beamline are shown in Figure 8.6. The beam optics simulated for each charge is di↵erent

due to di↵erent initial twiss parameters but shows the same behavior. For charges of

1 pC, 20 pC, and 200 pC, the beam sizes at the crystal are 2.9 µm, 22 µm, and 61

µm, respectively. Table 8.6 shows beam sizes and beta functions for a beam divergence

of 0.1 mrad at the crystal. The beam sizes obtained from the analytical calculation of

the betatron beam size without chromatic e↵ects are consistent with those from particle

tracking. Using the nominal machine parameters mentioned in Table 3.1, the photon

fluxes at a beam divergence of 0.1 mrad are calculated, and the results shown in Table

8.7. The photon flux of about 108 photons/s at 110 keV is obtained at 200 pC. When a

bunch charge of 1 nC and a bunch frequency of 5 MHz are used, the photon flux of 109

photons/s can be achieved.

Table 8.6: Beam sizes and beta functions for a beam divergence of 0.1 mrad at the
crystal.

Charge [pC] �x (=�y) [m] �x=�y [µm]

1 0.03 29
20 0.22 22
200 0.61 61

Table 8.7: Photon fluxes at each bunch charge for a beam divergence of 0.1 mrad at
the crystal.

Photon flux [photons/s]
Charge [pC] 50 keV 70 keV 110 keV

1 2.2⇥105 6.4⇥105 6.2⇥105

20 4.4⇥106 1.3⇥107 1.2⇥107

200 4.4⇥107 1.3⇥108 1.2⇥108
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Figure 8.6: Beam optics for the high yield solution along the transport line from the
last cavity to the beam dump. The beam divergences at the crystal are
matched to 0.1 mrad in each case. Top: 1 pC, Middle: 20 pC and Bottom:
200 pC. Blue and red lines show the horizontal and vertical planes. Green
and yellow boxes represent quadrupole and dipole magnets respectively.
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8.2 Beam optics solutions with misalignment and mag-

netic field error

In this section, we discuss error corrections of quadrupole magnets with misalignments

and magnetic field errors. These magnets with misalignments and magnetic errors, give

the beam dipolar and quadrupolar kicks with di↵erent strengths, and cause di↵erent

focusing, beam deflections and excitations of betatron oscillations and unwanted disper-

sions. Therefore, beam optics must be simulated including these e↵ects. In the FAST

linac, corrector magnets such as steering magnets and skew magnets for corrections of

the errors have been installed.

Misalignments and magnetic errors, assuming that they follow a Gaussian random

distribution with a cuto↵ of 3�, are set in all quadrupole magnets, and the optics cal-

culations are done with 10 di↵erent error seeds. The RMS values of misalignments and

gradient errors set in the quadrupole magnets are shown in Table 8.8. We assume that

the rms errors are as follows: alignment: 0.2 mm, gradient: 0.3%, and rotation: 0.2

mrad in each plane. The orbits are corrected with 7 steering magnets and 11 BPMs.

Figure 8.7 shows the central orbits for the high brightness optics and the high yield

divergence optics with and without orbit corrections for a charge of 200 pC. Green lines

show the central orbit without the correction. When the orbits are not corrected with

the steering magnets, the horizontal orbit error is over 3 mm in the second triplet where

beam sizes are maximum and the vertical orbit error is about 2 mm at the crystal.

Figure 8.8 shows the central orbits of electron beams for the high brightness optics

and the high yield optics along the beamline after the orbit correction. Blue and red

lines are the average orbits of horizontal and vertical, respectively. The error bars are

the standard deviations of orbits. After the orbit correction, the deviations of the two

solutions from a central orbit at the crystal can be reduced to about ±0.2 mm for 200

pC. Table 8.9 shows beam sizes and beta functions achieved at the crystal for the high

brightness optics using quadrupole magnets with errors. The beam sizes at the crystal

for 200 pC are about 11 µm.

Table 8.8: Alignment and field errors for the quadrupole magnets.

Alignment error Gradient error Rotation error
�X [mm] �Y [mm] �K/K �✓ [mrad]

0.2 0.2 0.003 0.2



Chapter 8 Optics design and simulations for Channeling Radiation 89

Table 8.9: Beam sizes and beta functions at the crystal achieved for the high bright-
ness optics using the quadrupole magnets with the misalignments and field
errors.

Charge [pC] �x (=�y) [m] �x, �y [µm]

1 5 (1.8±0.4, 1.7±0.3)
20 6 (5.2±0.8, 5.0±0.8)
200 8 (10.5±0.9, 10.3±0.8)
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Figure 8.7: Orbit corrections with steering magnets for the high brightness optics
(upper plots (a) and (b)) and the high yield optics (bottom plots (c) and
(d)) for 200 pC. Left: horizontal, Right: vertical. Green lines show before
corrections. 10 seeds are used.
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Figure 8.8: Transverse central orbit along the beamline for the high brightness optics
(upper plots (a) and (b)) and the yield optics (bottom plots (c) and (d))
after the orbit correction for 200 pC. 10 seeds are used. Blue and red
lines show average orbits in the horizontal and vertical planes, and black
lines show the standard deviations for 10 seeds.



Chapter 8 Optics design and simulations for Channeling Radiation 91

8.3 Background from bremsstrahlung

Bremsstrahlung (BS) X-rays are produced when relativistic electrons passing through a

crystal are scattered by the atomic nuclei. The spectrum of BS is continuous, covering a

wide energy range from microwave to hard X-rays. The maximum BS energy can extend

to nearly the electron energy. BS is generally background in CR experiments since it

is emitted in the same forward direction as CR with respect to the incident electron

beam. In order to examine the e↵ect of BS in our CR experiment, we estimated the

photon count and the energy distribution of the background registered in the detector

with Geant4 [72] simulations. The X-ray detector with an aperture of 3⇥3 mm2 is

assumed to be located at 1.5 m from the target crystal so that the detector’s acceptance

is 2 mrad. The layout showing the X-ray detector and simulation geometry is shown in

Figure 8.9. In the simulations, 108 particles (20 pC/bunch) with an energy of 43 MeV

and a diamond crystal with a thickness of 168 µm are used. The number of particles is

chosen considering the run time in Geant4.

Figure 8.10 shows the scattering angles of photons emitted from electron beams going

through the diamond crystal in the forward direction and in the detector. The left plot

in Fig. 8.10 shows the angular distribution in the forward direction, while the right plot

shows the angular distribution in the detector, and the red line shows the Gaussian fit.

The standard deviation of the angular distribution of photons emitted in the forward

direction is about 49 mrad, while the rms beam size obtained from the Gaussian fit

is 1� = 13 mrad, which is good agreement with the BS scattering angle 1/� = 12

mrad. This shows that the angular distribution of all the scattered BS photons is very

non-Gaussian, but the distribution within the detector’s acceptance is nearly uniform.

Figure 8.9: Layout showing goniometer and the detector.
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From Fig. 8.10, about 106 photons (or about 10�2 photons/electron) are emitted in

the forward direction, and ⇠104 photons of them go into the detector. Also, the photon

count hitting the detector as a function of beam size for di↵erent beam divergences at

the crystal is plotted in Figure 8.11. For the electron beam size below 0.1 mm at the

crystal, the number of photons going into the detector is substantially constant at ⇠104

particles. However, it decreases when the electron beam size is over 0.1 mm. The photon

beam size �2 at the X-ray detector can be written as

�2 =
q
�
2
1 + L2�021 , (8.6)

where �1 is the photon beam size, �01 (=13 mrad) is the photon beam divergence at

the diamond crystal, and L (=1.5 m) is the distance between the crystal and the X-

ray detector. The number of photons per beam area at the X-ray detector location is

proportional to 1
⇡�2

2
= (1/⇡(�21 +L

2
�
02
1 ))

2. Therefore, the photon count I going into the

X-ray detector with the detector area S(=9 mm2) is

I / S

⇡�
2
2

=
S

⇡(�21 + L2�021 )
. (8.7)

This photon count I is shown as a function of the beam size at the crystal in the right

plot in Figure 8.12. The number of photons hitting the detector decreases for the beam

size �1 of over 0.1 mm, which is consistent with simulation results with Geant4 shown

in the left plot in Figure 8.12. In our CR experiment for an electron bunch charge of 20

pC, we expect about 104 background BS photons per electron bunch will be registered

in the detector, since the beam size at the crystal is desired to be below 0.1 mm. Also,

the ratio of background photons in the detector to incident electrons is approximately

10�4, therefore, about 5⇥102 and 105 photons per bunch for bunch charges of 1 pC and

200 pC respectively will be registered as background. Table 8.10 shows the expected

number of background photons registered in the detector.

Table 8.10: The number of background photons registered in the detector for three
charges.

Charge [pC] Number of photons

1 ⇠5⇥102

20 ⇠104

200 ⇠105
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Figure 8.10: Angular distributions of photons emitted in the forward direction and
in the detector with an acceptance of 2 mrad. Left: the angular distri-
bution in the forward direction. Right: the angular distribution in the
detector.
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Figure 8.11: Bremsstrahlung spectra in the forward direction (blue) and in the de-
tector (red).
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Figure 8.12: Number of photons hitting the detector depending on beam divergences
and beam sizes of incident electrons. Left plot is simulation results with
Geant4 and right plot is analytical calculation with Eq. (8.7)
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The BS energy distributions in the forward direction and in the detector are shown

in Figure 8.11. The energy distributions for the two cases have the almost same behav-

ior, which indicates that the BS photon energy does not depend on its emitted angle.

Moreover, in order to investigate the dependence of the BS energy distributions on elec-

tron energies, we simulated them with electron energies of 43 MeV, 60 MeV, 80 MeV,

and 100 MeV using Geant4. The number of photons and the energy spectra in the

forward direction are shown in Table 8.11 and Figure 8.13, respectively. The photon

distributions are shown to the maximum of 200 keV (left plot) and 100 MeV (right

plot). The left plot shows that the maximum yield occurs close to 10 keV for all the

electron energies and the distribution from about 40 keV to 200 keV is nearly the same

for the di↵erent electron energies. The right plot shows that the photon spectra extend

to the electron beam energy in all cases. Table 8.11 shows that the total number of BS

photons produced in the forward direction is unchanged for di↵erent electron energies,

because the di↵erential cross section � of BS can be approximately written as [105]

@�

@(~!) ' 16

3
↵reZ

2 ln

✓
233

Z1/3

◆
, (8.8)

where ↵ is the fine-structure, re is the classical electron radius, and Z is the atomic

number of the crystal. This shows that the photon yield, obtained by integrating over

all photon energies, is independent of the electron energy.

The expected channeling spectra, including the background, when a 43 MeV elec-

tron beam is incident on a 168 µm thick diamond crystal parallel to the (110) planes,

are shown in Figure 8.14. The CR yields without the background are calculated with

Eq. (8.3), and then the process of de-channeling and re-channeling in a crystal are taken

into account. This model a↵ects populations in bound states and leads to reduce pho-

ton yields. The CR photon count including this process can be calculated using a free

parameter nf . The appropriate nf was decided from photon yields obtained in CR ex-

periments at the ELBE facility [34]. The “CR high” label in Fig. 8.13 corresponds to

the result for a case without dechanneling nf = 21, “CR mid” is the result for the case

nf = 17 estimated from the experimental values, and “CR low” is a more conservative

result with nf = 13 corresponding to a lower yield. The X-rays with discrete energies of

110 keV (transition: 1!0), 67.5 keV (transition: 2!1) and 51 keV (transition: 3!2)

are generated at the angle of 0 degree. The ratios of CR signal for CR mid (nf = 17)

to the BS background are about 8 at 110 keV, 7 at 67.5 keV, and 4 at 51 keV. These

theoretical values of signals to backgrounds imply that the CR signal should be clearly

observable at the higher energy CR spectral lines.
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Table 8.11: Number of photons generated in the forward direction for di↵erent elec-
tron energies of 43 MeV, 60 MeV, 80MeV, and 100 MeV. Ratio means
Number of photons/Number of photons at 43 MeV

Electron energy [MeV] Number of photons Ratio

43 1,660,949 1.00
60 1,711,277 1.03
80 1,745,297 1.05
100 1,764,527 1.06
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Figure 8.13: Bremsstrahlung spectra for di↵erent electron energies of 43 MeV, 60
MeV, 80 MeV, and 100 MeV. Left: the energy spectra for 0-200 keV.
Right: the energy spectra for 0-100MeV.
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Figure 8.14: The expected X-ray spectrum including the background for di↵erence
estimates of the CR photon number.
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8.4 Electron beam distributions after crystal

This section describes electron beam sizes and beam divergences after the electron

beam passes through the diamond crystal with and without channeling. This beam

experiences multiple scattering events with atomic nuclei, and the beam divergence grows

after passing through the crystal. Therefore, the electron beam emittance increases,

which could cause particles loss from scraping at the beam pipe. The multiple scattering

depends on whether the beam is channeled or not in the crystal. The rms scattering

angle ✓ for an electron that is not channeled depends on the crystal thickness L, its

atomic number Z, its mass number A, and the electron momentum p, as [106, 107]

✓ =
13.6[MeV]

�cp

r
L

Lrad


1 + 0.038 ln(

L

Lrad
)

�
, (8.9)

Lrad =
716.4[g/cm2] ·A

Z(Z + 1) ln(287/
p
Z)

, (8.10)

where �c is the velocity of the electrons, Lrad the radiation length of the crystal. The rms

scattering angle after an electron of 43 MeV passes through a 168 µm thick diamond

crystal can be computed to be about 8.3 mrad. However, the beam divergence for

a channeled electron has been shown to be about 0.2 - 0.6 times smaller than that

obtained from Eq. (8.9) [34, 108]. Using recently added modules in Geant4 [72, 109],

we estimated the scattering angles and energy spreads of the electron beam passing

through the crystal under both channeling and non-channeling conditions.

The angular scattering of the electron after the crystal calculated using Geant4

is shown in Figure 8.15. The initial beam divergence at the crystal is set to be 0.1

mrad, and 105 electrons are used in both cases. The left plot in Fig. 8.15 shows the

angular distribution of electrons at the crystal entrance and the right plot shows the

distribution after the crystal with and without channeling. The standard deviation of

the entire distribution (including the tails) without channeling is about 10.1 mrad, about

100 times larger than that before the crystal. On the other hand, the standard deviation

of the distribution after channeling is 7.7 mrad, or approximately 0.8 times the value

without channeling. The beam divergence after the electron beam is channeled in the

crystal become smaller than that after without channeling. Figure 8.16 shows the beam

sizes of electrons at a monitor in front of the detector, after with and without channeling

in the crystal. The beam monitor is assumed to be at 1.5 m from the crystal. Without

channeling in the crystal, the beam sizes at the monitor are (X, Y) = (15.4 mm, 15.2

mm) while with channeling, they decrease to (11.3 mm, 11.1 mm). There is a small shift

in the horizontal position of the centroid with and without channeling, but this could

be an artifact of the relatively small number of particles used in the simulation.
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When relativistic electrons pass through the crystal, the energy loss is caused by the

ionization loss and radiation loss (bremsstrahlung). The critical energy Ec when the two

energy losses are equal is written as [106]

Ec [MeV] =
610 [MeV]

Z + 1.24
, (8.11)

where Z is the atomic number of the crystal. This equation means that the ionization

loss is dominant for an electron beam with energy below the critical energy. The critical

energy Ec for a diamond crystal of Z = 6 is 84 MeV, which means that the ionization

loss contributes strongly to the electron energy loss in our CR experiment with a 43 MeV

electron beam. The ionization loss can be analytically calculated by the Bethe-Bloch

equation [106]

�dE

dx
= 0.1535 [MeV/gcm2]

Z

A

⇢

�2


1

2
ln

✓
2mec

2
�
2
�
2
Tmax

I2

◆
� �

2 � �(��)

2

�
, (8.12)

Tmax =
2mec

2
�
2
�
2

1 + 2�me/M + (me/M)2
, (8.13)

I = 16Z0.9 [eV], (8.14)

where ⇢ the crystal density, �c the velocity of an electron beam, Z atomic number,

A atomic mass, me electron rest mass, I the excitation potential, and � density e↵ect

correction. An experimental energy loss for a thin crystal would be smaller than that

calculated by Eq. (8.12), because the Bethe-Bloch equation describes the mean energy

loss and the energy loss obtained from experiments follows the Landau distribution [106].

Using Eq. (8.12), the mean energy loss for an electron beam of 43 MeV and a 168 µm

thick diamond crystal can be computed to be about 100 keV, about 0.2% of the initial

electron energy. Figure 8.17 shows the electron energy distributions after channeling

and without channeling calculated with Geant4. The green curve in Fig. 8.17 is the

initial energy distribution of electrons with an energy spread of 0.1%, the blue curve

is the energy distribution after the crystal without channeling, and the red curve is

after channeling. For the case without channeling, the energy distribution has a peak

at 42.9 MeV and the energy loss is about 100 keV. On the other hand, for the case with

channeling, the peak is at 42.95 MeV and the energy loss is about 50 keV.
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Figure 8.15: Angular distributions of a 43 MeV electron beam before and after going
through the diamond crystal with the thickness of 168 µm. Left plot
[mrad scale]: the distribution at the crystal entrance. Right plot [rad
scale]: the beam distribution with and without channeling. Standard
deviations with and without channeling are 7.7 mrad and 10.1 mrad,
respectively.

Figure 8.16: Beam positions and sizes (x, y) after the non-channeled (left) and the
channeled (right) electron beam in the diamond crystal.
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Figure 8.17: Energy distributions of the electron beam before and after the diamond
crystal. The green curve shows the initial energy distribution. The
red and blue curves are the distribution with channeling and without
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8.5 Compton scattering for X-ray detector

The experimental layout in Fig. 3.2 shows an X-ray detector downstream of the crystal.

This configuration will be used at low bunch charges when the photon rate emitted into

the detector’s acceptance is about 1 photon per bunch. At higher bunch charge and the

nominal laser frequency of 3 MHz, the photon rate will be high enough to cause photon

pile-up in this detector. Two or more photons arriving within the detector’s response

time (about 25 µs) will be registered as a single photon with an energy which is the

sum of all the photon energies leading to a wrong spectrum. In this section, we discuss

the use of a second X-ray detector placed orthogonal to the beamline which will detect

photons Compton scattered from a plastic plate in order to avoid this pile-up e↵ect.

In our experiment, with a laser pulse repetition rate of 3 MHz, and for 1 pC/bunch,

the number of electrons going into the diamond crystal per second can be computed

using Table 8.10

500 [photons]⇥ 3⇥ 106 [Hz]⇥ 10�3 [s]⇥ 5 [Hz] = 7.5⇥ 106 [photons/s], (8.15)

Table 8.12 shows the expected photon counts per second hitting the detector for each

charge. This estimate considers only the BS background, which indicates that the pile-up

will be caused even when a bunch charge of 1 pC is used.

For the pile-up rejection, it is important to reduce the photon flux going into a

detector. Commonly, for low photon energies, the number of photons hitting a detector

can be reduced using an attenuator such as Al and Brass, and we can extract the true

photon rate by calculating the number of photons absorbed into the attenuator with the

absorption data which is supplied by NIST [110]. By contrast, for high photon energies,

using attenuators is not e↵ective due to a low absorption cross sections at high energies.

This will be true in our experiment with expected CR photon energies ranging from 50

keV to 110 keV. Thus, we will utilize Compton scattering that can significantly reduce

the photon rate for high photon energies [22, 36].

Compton scattering results from the interaction of a photon with free electrons in a

material substance. The scattered photons experience energy loss, resulting in shifts to

longer wavelength. The di↵erential cross section for the Compton scattering is given by

the Klein-Nishina formula:

d�

d⌦
=

r
2
e

2

1

[1 + hv0[1� cos ✓]]2

✓
1 + cos2 ✓ +

(hv0)2(1� cos ✓)2

1 + hv0(1� cos ✓)

◆
, (8.16)

hv =
hv0

1 +
⇣

hv0
mec2

⌘
(1� cos ✓)

, (8.17)
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where re is the classical radius of the electron, hv0, hv are the energies of the incident

and scattered photons respectively, and ✓ is the scattering angle. In order to know the

relation of a photon’s cross-section, scattering angle, and final energy, the di↵erential

cross section and photon energy as a function of scattering angle for incident photon

energies of 50 keV, 70 keV, and 110 keV are plotted in Figure 8.18 using Eq. (8.16)

and (8.17). Most photons are scattered in the forward and backward direction to the

incident photons. Since the di↵erential cross section has a minimum at 90 degrees, the

detector should be placed orthogonal to the beamline (incident photons). Figure 8.19

shows the layout of the second X-ray detector. X-ray energies of 110 keV, 70 keV, and

50 keV scattered at 90 degrees have their energies shifted to 90 keV, 60 keV, and 45

keV, respectively, because the photons lose energy to the scattering electrons.

Table 8.12: The number of background photons per second registered in the detector
for three charges.

Charge [pC] Photons/s

1 7.5⇥106

20 1.5⇥108

200 1.5⇥109

Figure 8.20 shows the three major types of photon interactions with matter [111].

Since photons with energies of 110, 70, and 50 keV are expected in our CR experiment,

the target material should have an atomic number below 30 owing to the dominance of

Compton scattering in this energy range. In order to select appropriate materials to use

in our experiment, we have tried diamond, Al, Si, PMMA, and PVC plates, each with a

thickness of 2 mm. Photon counts in the X-ray detector were simulated using Geant4.

As an initial condition, 109 photons with an energy of 70 keV and an energy spread of

10% were used. The detector with the aperture of 3⇥3 mm2 is assumed to be located at
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Figure 8.18: Di↵erential cross-section (upper) and photon energy (lower) depending
on scattering angle.
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Figure 8.19: Layout of the detector.

Figure 8.20: Three major types of photon interaction with matter [111]. The curves
demarcate the regions where each e↵ect is dominant.

0.375 m from the Compton scattering plate, see Fig. 8.19. Figure 8.21 shows the number

of Compton scattered photons and their energies hitting the detector for the di↵erent

materials. In Gean4 simulations, Rayleigh scattering is ignored due to the high incident

photon energies (>50 keV). Photons with energies of 60 keV and energy spreads of 10%

are scattered in the detector; the simulated energies agree with the analytical calculation

with Eq. (8.17). The Compton scattered photon count decreases with an increase of the

atomic number Z due to the absorption within the material. Also, materials of high

atomic number produce electrons by the photoelectric e↵ect. For the organic materials,

the number of photons in the detector decreases by seven orders of magnitude, therefore,

we decided to use PVC or PMMA as the material for Compton scattering.
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Figure 8.21: The number of Compton scattered photons and the energy in the detec-
tor for di↵erent crystals.
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Channeling Radiation

Experiments

We performed CR experiments at the FAST facility in 2016. In this section, we first

discuss specifications of the goniometer and the two X-ray detectors and the experimental

conditions of the beam emittance and the beam optics, and then the experimental results

are shown.

9.1 Setup for CR experiments

The goniometer for the CR experiments was installed between X120 and X121 (see

Fig. 3.2). The goniometer stage can be rotated around vertical and horizontal axes and

can slide horizontally. The movable target holder houses: (1) a clear aperture, (2) a

diamond crystal, and (3) a 50 µm thick Al foil. The hole is used when the crystal is not

needed. The diamond crystal is inserted when the CR experiments. Intercepting the

beam with the foil generates bremsstrahlung that can be used to calibrate the detection

system. The bremsstrahlung also provides a coarse calibration signal to center the beam

on the foil and indirectly on the crystal as the foil and the crystal are inserted using

a calibrated stepping motor. Figure 9.1 shows the goniometer. As we mentioned in

chapter 8, quasi-monochromatic X-rays with an energy range of 50 keV-110 keV are

radiated for ⇠43 MeV electron beams and the beam propagates parallel to the (110)

plane in diamond. To detect X-rays with an energy of over 100 keV, we use two identical

CdTe (Cadmium Telluride) detectors (Amptek Inc.) which can measure X-rays with an

energy range of 5-150 keV. They are installed in the forward direction and at 90 degrees

with respect to incident electron beams. Also, the two detectors are surrounded by

radiation shielding using lead bricks to reduce the bremsstrahlung background from the
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beam pipe and the diamond crystal. The layout of the CR experiments is shown in

Figure 9.2.

Figure 9.1: The goniometer with the Al foil and the diamond crystal, and the clear
aperture installed in the beamline. Left and right figures represent ap-
pearance of the goniometer and the housing of the crystal in the goniome-
ter, respectively.

Figure 9.2: Layout of the CR experimental setup.
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9.2 CR experiments

The electron beams produced at the photocathode are accelerated to ⇠5 MeV in the

RF gun. However, the dark current from the RF gun and the photocathode [112–114],

measured with a Faraday cup placed between the RF gun and CC1, reaches into 5 µA

at a beam energy of 4.3 MeV. Figure 9.3 shows the dark current as a function of the

electron gun energy. The dark current could be suppressed to about 0.3 µA by reducing

the accelerating voltage in the RF gun so that the electron beam energy after the gun

was ⇠3 MeV. However, that also caused emittance growth due to the space charge e↵ect.

We also inserted a gun collimator to dump as much dark current as we could, but the

dark current at small transverse amplitudes was not reduced su�ciently. Since the main

beam is accelerated with the on-crest RF phases in the CC1&2 cavities, the energy of

the dark current should be smaller than that of the main electron beam after CC2.

Therefore, we decided to scrape the dark current in the chicane using the di↵erence of

the energies between the dark current and the main electron beam.

The solenoid coils around the RF gun were tuned so that the beam emittances are

minimized after CC2, and then the normalized beam emittances were ("x, "y)=(⇠7.7

µm, ⇠5.6 µm) at a charge of 200 pC. These beam emittances are larger than those for the

simulation with Astra and THz experiments mentioned in Sec. 7.1 and 8.1. To be close

to the ideal emittances, we need to tune the solenoid coils and the laser. The beam sizes

(�x,y) need to be focused at the diamond crystal. Figure 9.4 shows the beta functions

from CC2 to the beam monitor X121 (after the crystal) for the high brightness optics

and the normal beam optics. The beam sizes at X120 (before the crystal) were focused

to 160 µm from 1 mm in the normal optics. We inserted the diamond crystal in the

beamline and measured photon counts with the two X-ray detectors varying the bunch

Figure 9.3: Dark current as a function of the gun energy.
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charge. The results are shown in Figure 9.5. In the forward detector, the count decreased

as the bunch charge was lowered to 50 fC. Reductions in the counts at the Compton

detector were observed down to bunch charges of 10 pC. That can be interpreted to

mean that the pile-up is caused mainly by the dark current since the photon countss did

not fall at lower bunch charges. Therefore, we determined to use a bunch charge of 50

fC in operation which is a ultra-low bunch charge.

We sent electron beams through the chicane to suppressing the dark current from the

diamond crystal and tried to detect channeling radiation. Figure 9.6 shows the radiation

energy spectra measured with the forward (green dots) and the Compton (blue dots)

detectors. In the forward detector, there are three sharp peaks at 75 keV, 90 keV,

and 110 keV and a broad peak at 75 keV. From Fig. 8.14 in simulations, CR radiation

should have three peaks at 50 keV, 70 keV, and 110 keV for a 43 MeV electron beam

in the diamond crystal. The measured peaks are not consistent with those expected in

simulations. In the Compton detector, there is a sharp peak at 75 keV, which is also

not in agreement with the simulated results.

To identify where the peaks come from, Geant4 simulations for materials of lead (ra-

diation shielding), stainless steel (the beam pipe), Niobium (superconducting structures)

were performed, and the result for the stainless steel is shown in Figure 9.7. In Fig. 9.7,

the red line represents the spectrum measured in the Compton detector, and the blue

line shows bremsstrahlung from stainless steel with a thickness of 1.7 mm. The observed

Figure 9.4: Beam optics before (upper) and after (bottom) the beam focus at the
diamond crystal. Left plots shows the beta functions and right images
are beam distributions at the beam monitor X120.
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Figure 9.5: The two detector counts depending on a bunch charge current. Red and
blue lines show the forward and the Compton detectors, respectively.

broad peak around 70 keV is consistent with the result from the Geant4 simulations.

Regarding the three sharp peaks, we checked the characteristic X-ray energies for each

material [115]. Lead bricks, placed around the two detectors as radiation shielding, has

the characteristic X-ray energy of 74.2 keV [115]. A sharp peak appears at about 75

keV in the forward X-ray detector, and it can be said that they are from the lead bricks

around the X-ray detectors.

We checked that the charge loss of the main beam did not happen in the middle

of the beamline using two current monitors installed after the RF gun and before the

beam dump. Therefore, we think that bremsstrahlung with a broad peak at 75 keV was

radiated from the beam pipe in the chicane hit by the dark current and goes into the

two X-ray detectors. Also, the bremsstrahlung interacted with the radiation shielding of

lead bricks around the two detectors, as a result the characteristic X-rays are emitted.

Figure 9.8 shows the mechanism of the sharp and broad peaks at around 75 keV. The

source of the other sharp peaks at 90 keV and 110 keV detected in the forward detector

is not clear as there are no characteristic X-ray energies corresponding to the materials

which are in the beamline.
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Figure 9.6: Radiation spectra measured with the forward (green dots) and the Comp-
ton (blue dots) detectors. The forward detector detected radiation with
three peaks at 75 keV, 90 keV, and 110 keV. The Compton detector de-
tected radiation with a peak at 75 keV on a broad peak around 75 keV.

Figure 9.7: Radiation spectrum going into the Compton detector (red line) and
bremsstrahlung spectra from the stainless steel with a thickness of 1.7
mm simulated with Geant4.

Figure 9.8: Bremsstrahlung (red lines) from the beam duct in the chicane and char-
acteristic X-rays (blue lines) from lead going into the X-ray detectors.
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9.3 Summary of CR experiments

We performed the CR experiments using 43 MeV electron beams at the FAST facility.

The dark current was reduced to ⇠5 µA after the RF gun. Although the dark current

could be mitigated by reducing the accelerating voltage in the RF gun, the emittance

growth was caused due to the space charge. Therefore, we suppressed the dark current

in the chicane using the di↵erence of the energies between the dark current and the main

electron beam.

After the electron beam was focused to be below 160 µm at the diamond crystal, we

scanned the bunch charge from a few fC to 20 pC and measured X-rays hitting the two

CdTe detectors (forward and Compton detectors). The pile-up was caused at over 50

fC for the forward detector and at overt 10 pC for the Compton detector. Therefore,

we performed CR experiments with the ultra-low charge of 50 fC.

We detected three peaks at 75 keV, 90 keV, and 110 keV with the forward detector.

The expected energies are 51 (transition: 3!2), 67.5 (transition: 2!1), and 110 keV

(transition: 1!0), and these measured energies except for 110 keV are di↵erent from the

calculated energies. Also, the Compton detector detected photons with a broad peak at

around 75 keV, which is also di↵erent from our expected energies.

To identify where the photon energies came from, we performed Geant4 simulations

with materials of lead (radiation shield around the detectors), Nb (superconducting

cavity), and stainless steel (beam pipe). As a result, we concluded that the broad peaks

at 75 KeV in the two detectors are from bremsstrahlung emitted from the stainless

steel, and the sharp peak at 75 keV is from the characteristic X-rays of lead from [115].

We checked that the main electron beams could be sent to the beam dump without

particle loss using the current monitor before the beam dump. Therefore, the dark

current hits the beam pipe in the chicane and bremsstrahlung with a broad peak at 75

MeV are radiated. The bremsstrahlung passing through the lead shielding around the

detectors enters the detectors. Moreover, the characteristic X-rays are emitted while the

bremsstrahlung goes through the shielding and hit the forward detector.
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Conclusions

The purpose of this thesis is to propose and demonstrate a compact and frequency

(energy) tunable THz/hard X-ray sources. We have described two radiation sources of

THz radiation and hard X-ray through theory, simulations, demonstration experiments.

Our proposed radiation sources can produce 1) narrow-band THz waves with a frequency

of over 1 THz using a slit-mask and 2) quasi-monochromatic hard X-rays in an energy

range from 40 keV to 110 keV, using a single diamond crystal at a 50 MeV class photo-

injector with a magnetic chicane.

We create micro-bunched beams using the slit-mask installed in the chicane and

generate THz radiation as CTR by sending the beam to an Al foil. The advantage of

this method is that frequency can be controlled by varying the RF phases in accelerating

structures.

We showed the theory and the simulations related to the production of micro-bunched

beams and observing the micro-bunching on a transverse screen with a skew quadrupole

magnet, and also presented the expected frequency spectra. As the result of the simula-

tions, we found that narrow-band frequencies with 0.30 THz - 4 THz can be generated for

an round beam ("y/"x = 1). When a flat beam with an emittance ratio of "y/"x = 200

is used, the intensity at the maximum frequency was increased.

The energy density generated from CTR is about 0.15 µJ/THz at the first harmonic

frequency of ⇠0.8 THz. To amplify the energy density, we considered the use of a small

wiggler. When the micro-bunched beam passes through the wiggler, the energy density

is about 500 times higher.

Moreover, we performed the demonstration experiments to verify the theory and

simulations on the micro-bunched beams. The results of the experiments were in agree-

ment with the theory and simulations. On the other hand, we could not obtain the
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reproducible frequency spectra. By Geant4 simulations, we identified that the cause

is bremsstrahlung from the slit-mask and beam pipe. Therefore, for the upcoming THz

radiation experiments, we will add radiation shielding and a new THz detector sys-

tem which consists of a Michelson interferometer and a cryogenic bolometer which can

sensitively measure THz radiation.

As for hard X-rays, we employed Channeling radiation (CR) which can generate the

hard X-rays with a low energy electron beam. Although the yields of CR with ⇠50 MeV

electron beams has already simulated in [34], we simulated bremsstrahlung background

from a diamond crystal, beam optics to emit the high yields and high brightness, and

the X-ray detector system to avoid pile-up.

The expected energies of CR are 50 keV, 68 keV, and 110 keV, which comparable

with the energies emitted at a few GeV class synchrotron radiation source. Also, to use

CR as an imaging source, the photon yield of over 109 is required. The yield of CR is

108 photon/s at a bunch charge of 200 pC, therefore, for example, when a bunch charge

of over 1 nC and a bunch frequency of 5 MHz are used in operation, the photon flux of

over 109 photon/s can be achieved.

We performed the demonstration experiments of CR with 43 MeV electron beams,

however, the expected energy spectrum could not be obtained due to the pile-up of the

detectors. We did simulations with Geant4 and identified that the X-ray detectors

measured bremsstrahlung radiated from beam pipe caused by the dark currents, and

also detected the characteristic X-rays of lead around the detectors emitted by the

bremsstrahlung. For the next CR experiments, we need more radiation shielding around

the detectors and around the chicane, or may need to put the detectors at other places.
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